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Pinus elliottii × Pinus caribaea is an interspecific pine hybrid of major economic importance. Somatic embryogenesis and plant regeneration in P. elliottii × P. caribaea on solid medium have been reported previously; however, a current limitation is the lack of a stable and effective method for its commercial use. The objective of this study was to establish a suspension culture system and evaluate the effect of multiple methods synergistically on the synchronization of embryo development in P. elliottii × P. caribaea. For the former, a protocol to initiate and establish a suspension culture system of P. elliottii × P. caribaea was presented. Based on biomass growth, the growth of embryogenic calli (EC) followed an S-shape curve in suspensions grown for a 15-day period, and the exponential phase of cell suspensions was reached between days 3 and 6. The initial packed cell volume (PCV) and revolutions per minute (rpm) have a significant effect on the proliferation of EC, and the highest proliferation multiple reached 6.86 (±0.06) at the initial density of 5 ml PCV under a 9–10 days transfer interval in the dark on a rotary shaker at 70 rpm. For the latter, the influence of abscisic acid (ABA), ammonium (NH4+), nitrate (NO3–), low temperature, and polyethylene glycol (PEG) on somatic embryogenesis was very significant. When EC were suspended in the medium at a presence of 37.84 μM/L ABA, as many as 274 mature cotyledonary embryos/ml PCV of cells were thereafter formed in the mature medium, and 266 somatic embryos were obtained on mature medium after suspension culture in liquid medium containing 10 mmol/L NH4+ and 30 mmol/L NO3–. Furthermore, reducing the concentration of 2,4-dichlorophenoxyacetic acid gradually and at 4°C incubation for 12 h in the initial exponential phase could promote the synchronization of somatic embryogenesis, which resulted in 260 mature cotyledonary embryos. This suspension culture system and method of synchronic control can be used in the large-scale production of P. elliottii × P. caribaea seedlings.
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INTRODUCTION

The new interspecific hybridization between Pinus elliottii var. elliottii and Pinus caribaea var. hondurensis was successfully bred by scientists at Queensland Forestry Research Institute in Australia in 1955. The hybrid possessed an outstanding growth advantage (Mutete et al., 2015; Zhao et al., 2018); it was called “Shi-Jia-Song” in China and was introduced into China in the late 1970s, with a strong potential for fast-growing plantation establishment in southern China (Zhao et al., 2006). Due to its highly improved characteristics, industrial demand for this hybrid is increasing, and the traditional seed propagation (seed orchard) is struggling to meet the requirements of large-scale mass production in a short period of time.

Somatic embryogenesis (SE) is a useful system for the mass propagation of plant material in vitro (Gupta and Timmis, 2005; Kaur and Kapoor, 2016; Zhong et al., 2017) and is a morphogenetic process by which somatic cells go through a series of morphological and biochemical changes that result in the formation of a somatic or non-zygotic embryo capable of regenerating plants (Aguilar-Hernández and Loyola-Vargas, 2018; Garcia et al., 2019). Therefore, SE has become a good system for theoretical studies in plant development, especially the molecular processes of embryo development, genetic transformation, endangered species conservation, and artificial seed production (Quiroz-Figueroa et al., 2006; Aquea and Arce-Johnson, 2008; Hernández et al., 2011; Morel et al., 2014; Kaur and Kapoor, 2016; Ahn et al., 2019). However, SE usually occurs at low frequency and poor synchronization, that is to say, embryos at different developmental stages are always present in a given culture. Therefore, attempts have been made to establish a system in which embryogenesis occurs synchronously and at high frequency.

An efficient, synchronous SE system is of particular importance for commercial micropropagation and for synthetic seeds production and physiological in vitro studies (Al-Khayri and Al-Bahrany, 2012). Such system has recently been established in suspension culture in many species, i.e., carrots (Osuga and Komamine, 1994), sweet potato (Torres et al., 2001), date palm (Phoenix dactylifera) (Al-Khayri and Al-Bahrany, 2012), and Douglas-fir (Pseudotsuga menziesii) (Gupta and Timmis, 2005). Cultures grown in the liquid medium have shown characteristics of well dispersion, rapid growth, and good repeatability, and it is easier to realize the synchronous generation of somatic embryos than that on the solid medium (Song et al., 2018). However, SE is a complex developmental process, and the synchronous development of somatic embryos is affected by exogenous plant growth regulators (PGRs), osmotic pressure, temperature, and so on, which trigger a serious transformation of the morphology of the cell and biochemical, genetic, and epigenetic changes (Aguilar-Hernández and Loyola-Vargas, 2018). Cells fractionation by sieving and density gradient centrifugation in Ficoll solution is considered as a suitable method for the separation of subpopulations with different embryo development stages in some angiosperm species (Osuga and Komamine, 1994; Tsolova et al., 2007). However, compared with the somatic embryo of angiosperms, somatic embryo for the most gymnosperm initiated from immature zygotic embryos was considered as a result of a continuous process of cleavage polyembryony in zygotic embryo, that is, embryogenic suspensor mass (ESM) was composed of an embryonic head and highly vacuolized and extended cells. Therefore, chemical methods, such as regulating nitrogen source or relative proportion of oxidized versus reduced nitrogen (Zayed et al., 2012; Pìnèík et al., 2015; Wang et al., 2019), and low temperature should be adopted to obtain synchronization of SE. Synchronization of SE has been achieved by low temperature in several species, such as Taxus chinensis (Mei et al., 2001) and Prunus avium (Reidiboym-Talleux et al., 2000). The role of nitrogen forms on the synchronization of SE was also reported in carrot (Daucus carota L.) (Mashayekhi-Nezamabadi, 2000) and tomato (Lycopersicon esculentum Mill.) (Shomali et al., 2018).

In conifers, descriptions of SE were first described by Hakman et al. (1985) in Picea abies and by Nagmani and Bonga (1985) in Larix decidua. To date, six families and 14 genera of conifers have made great progress in clonal somatic embryogenesis according to incomplete statistics (Klimaszewska et al., 1997). Recently, the potential of SE as a tool for rapid clonal propagation of conifers has been emphasized in China (Hu et al., 2019; Sun et al., 2019; Liu et al., 2020). SE and plant regeneration using immature zygotic embryos of hybrids between P. elliottii and P. caribaea on the solid medium have been reported (Nunes et al., 2018; Hu et al., 2019). Nevertheless, compared to SE on solid medium, SE in liquid medium tend to proliferate much faster and possess higher efficiency, and this technique has been used in the micropropagation of other conifer trees (e.g., P. menziesii and Pinus taeda) (Klimaszewska et al., 1997; Gupta and Timmis, 2005), yet such a system had not been reported in P. elliottii × P. caribaea. To establish and optimize the suspension culture system of P. elliottii × P. caribaea, the main factors (initial PCV and rpm) influencing the proliferation of EC were compared in this study; on this basis, the synchronization of SE was explored by adjusting abscisic acid (ABA), nitrogen forms, temperature, and polyethylene glycol (PEG), aiming to achieve rapid proliferation of ECs and synchronous SE with steady high conversion rate and regeneration capacity and to provide a preliminary technical basis for establishing a large-scale culture system by bioreactors.



MATERIALS AND METHODS


Plant Material and Culture Conditions

The EC used in the present research were induced from immature zygotic embryos (cleavage poly-embryo or dominant embryo stage) (Figure 1a) from control-pollinated cones that had been collected in Hongling seed orchard, Guangdong, China. The EC subcultured periodically on solid medium with the transfer interval of 2 weeks were characterized as white or light brown in color, translucent or semi-translucent (Figures 1b,c), and embryogenic suspensor mass (ESM) visible under a stereo microscope (red arrowheads in Figure 1c). This proliferated EC (Figure 1c) were selected for suspension culture in the liquid medium. EC (approximately 2.5 g) subcultured on solid medium for 2 weeks were transferred to 250 ml flasks that contained 50 ml of proliferation medium for the establishment of suspension culture. The liquid proliferation medium contained the same PGRs and additives as the solid medium. The dishes or flasks containing EC were incubated in dark conditions, at 23 ± 1°C.
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FIGURE 1. Initiation and proliferation of somatic callus in the hybrid P. elliottii × P. caribaea. (a) Cell proliferation initiated at the micropylar end of the megagametophyte, which was the same as Liao and Amerson (1995) described. (b) Embryogenic callus subcultured on solid medium to proliferate. (c) White, transparent callus, rapid proliferation. The obvious structure of embryogenic suspensor mass composed of embryo head and highly vacuolated and elongated cells is visible under the microscope (red arrowheads). Scale bar = 1 cm.




The Composition of Culture Medium


Induction of Embryogenic Calli

The initiation medium was composed of DCR basic medium (Gupta and Durzan, 1985) containing basal salts and vitamins, supplemented with 9.05 μM/L 2,4-dichlorophenoxyacetic acid (2,4-D), 4.44 μM/L 6-benzyladenine (6-BA), 2.32 μM/L kinetin (KT) (three of them from Dingguo Changsheng Biotechnology Co., Ltd., China), 3.0% (w/v) maltose, 450 mg/L glutamine, 500 mg/L casein hydrolyzate (CH), 200 mg/L inositol, and 1.8 g/L gellan gum (additives and Gelrite from Sigma-Aldrich Co., St. Louis, MO, United States). The PGRs contained induction medium was a modified Shi’s (2005).



Maintenance and Proliferation of Embryogenic Calli

To maintain the ability and obtain the rapid proliferation of SE, the EC grown on solid-modified P6 medium (Pullman and Johnson, 2002; Shi et al., 2008) supplemented with 4.52 μM/L 2,4-D, 2.22 μM/L 6-BA, 2.32 μM/L KT, 3.0% (w/v) maltose, 1,000 mg/L glutamine, 500 mg/L CH, 1,000 mg/L inositol, and 1.8 g/L Gelrite (Sigma-Aldrich Co., St. Louis, MO, United States). The pH of the medium was adjusted to 5.8 ± 0.1 with NaOH or HCl before autoclaving at 121°C at 1.10 × 105 N/m2 for 17 min (autoclave SMS ASVE, Guangzhou, China). To preserve the SE ability of EC over the long-term culture, EC should be subcultured alternately on solid (stationary) and liquid medium (rotated at 70 rpm), with the transfer period of 14–20 days on solid medium and 7 days in liquid medium, both of them subcultured in the dark at 23 ± 1°C.



Maturation Medium of Somatic Embryos

The maturation medium consisted of P6 basic medium supplemented with 48.5 μM/L abscisic acid (ABA), 14.5 μM/L gibberellin (GA) (both from Sigma-Aldrich Co., St. Louis, MO, United States), 60–120 g/L PEG 8000, 1,000 mg/L myoinositol, 500 mg/L CH, 500 mg/L glutamine, 3% (w/v) maltose, 2.0 g/L activated carbon, and 6.5 g/L gellan gum (Dingguo Changsheng Biotechnology Co., Ltd., China), pH = 5.8. For each maturation treatment, at least three replicates were cultured for 6–7 weeks in the dark, at 23 ± 1°C.




The Establishment and Optimization of a Suitable Suspension Culture System

The EC (approximately 2.5 g), subcultured 6–7 weeks periodically and grown for 2 weeks on solid medium, were transferred to 250 ml flasks containing liquid medium that supplemented the same additives as the solid medium, according to a mass: volume ratio (m/v) of 5%. The flaks with suspension cultures were sealed with a double layer of breathable sealing film and kept on gyratory shaker at 70–110 revolutions per minute (rpm) and 23 ± 1°C in the dark. In the first subculture, the intact EC were separated from the well-dispersed suspension cells to synchronize the stage of the culture. After the establishment of cell suspensions, the medium was replaced with the fresh one on a weekly basis. At the end of one subculture period, the cell suspensions were transferred to a 100 ml measuring cylinder to obtain the packed cell volume (PCV) of cells. PCV was measured according to the method described by Gupta and Timmis (2005). A certain PCV was pipetted into a 250-ml flask containing fresh liquid medium for proliferation experiments.

To determine the effect of the initial cell density, PCV of different volumes of EC (3.0, 4.0, 5.0, 6.0, and 7.0 ml) were added to 250 ml flasks and the fresh medium was added to a final volume of 50 ml to the establishment of cell suspensions. These flasks were rotated at 70 rpm and 23 ± 1°C in the dark. The proliferation coefficients were recorded after 3 × 7 days cycles and calculated as follows: Proliferation multiple = PCV after 7 days of culture/the initial PCV of inoculated ECs.

The effect of rpm (70, 90, or 110) was also studied with initial cell density (5 ml PCV). The transfer interval was 7 days and 20 days in the last culture period. PCV was measured as described above, and the pH of the medium and the weight (fresh and dry) of ECs were recorded every 4 days during a 20-day continuous culture period.



Synchronization Control of Somatic Embryogenesis in Liquid Culture

Well-scattered cells of EC, composed of embryonal cells and suspensors, were called the embryogenic suspensor mass (ESM). The suspension ESM were cultured in the liquid proliferation medium of P6 supplemented with the same additives and PGRs as on the solid medium to maintain proliferative growth. Then, ESM was subcultured in the fresh medium at a ratio of 1:9 (v/v) by transferring 5 ml PCV to a 250-ml flask containing 45 ml of fresh liquid medium. The flask was rotated at 70 rpm at 23 ± 1°C in the dark and with a transfer interval of 9 days. To induce the synchronization of SE, different concentrations of ABA, nitrogen sources, and combinations of 2,4-D and low-temperature treatment were tested.


Effect of Abscisic Acid Concentration on Somatic Embryogenesis

To test the effect of ABA concentration (18.92, 37.84, and 75.68 μM/L) on the synchronization of SE in suspension culture, ABA was added to the liquid medium devoid of plant growth regulators (PGRs).



Effect of Nitrogen Forms and Concentrations

To test the effect of forms and the proportion of nitrate and ammonium on the synchronization of SE in suspension culture, a two-factor experimental design was used with four repetitions. Suspension cultures were inoculated in a P6 medium already modified with different nitrogen forms. Three concentrations of NH4+ (5, 10, and 20 mM/L) and NO3– (10, 20, and 30 mM/L) were tested. In the experiment, care should be taken to ensure that the sum of positive ions equals the sum of the negative ions. Therefore, K+ and Cl– were used to balance ions. Nitrate and ammonium salts are produced in Guangzhou chemical reagent factory, China.



Combination of 2,4-D and Low-Temperature Treatments

During subculture in the liquid medium, the PGRs were gradually reduced until 0. At each subculture, 2,4-D, BA, and KT decreased by 1.81, 0.44, and 0.46 μM/L, respectively. At the same time, under continuous culture for 9 days, the suspension ESM after culturing for 4 days was placed at 4, 10, and 23°C for 12 h, and then, it was recultured at 23 ± 1°C in the dark. During each periodic culturing, revolutions per minute remained the same.

After treatments of synchronization, 1 ml PCV of ESM was plated on a filter paper, and then, the sterile filter paper (9.0 cm in diameter) was placed on the surface of the maturation medium. For each maturation treatment, at least three replicates were incubated for 6–7 weeks in the dark, at 23 ± 1°C.




Effect of Polyethylene Glycol Concentration on Somatic Embryogenesis in the Mature Culture Stage

To test the effect of PEG concentration (60, 80, 100, and 120 mg/L) on somatic embryo maturation, PEG was added to the mature medium. After periodic culturing, the suspension cells were established, and then, they were inoculated in the medium without any PGRs for the last culture period. The suspension ESM with 1 ml PCV was transferred to a mature medium with different concentrations of PEG.



Germination and Plant Conversion

Mature cotyledonary embryos were transferred to PGR-free solid DCR basal medium (Gupta and Durzan, 1985) with activated carbon (AC) for germination. Culture plates were incubated for the first 3–7 days in the dark at low temperature (4°C). This was to allow the growth of the radicular ends. The plates containing rootless cultures were then transferred to light at 25 ± 2°C. One month after germination, somatic embryos were transferred to rooting medium containing 1.07 μM/L α-Naphthylacetic acid (NAA), 2.46 μM/L indole-3-butyric acid (IBA), and 2.5 g/L AC. The somatic embryo plantlets that transformed successfully were subcultured 2–3 times to obtain complete plantlets (at a height of 3–4 cm, with roots that were 2–3 cm long).



Data Calculation and Statistical Analysis

Proliferation multiple was calculated using the PCV method to determine the growth trend of each treatment. Measurement of PCV was done during every transfer period using a cylinder marked with a precise scale. Fresh biomass was measured in the final culture after the medium was filtered and washed with deionized water by vacuum filtration. The number of somatic embryos formed from each treatment (per dish contained 1 ml PCV of ESM) was recorded after 6–7 weeks of culture on the mature medium. Normal, mature cotyledonary embryos were characterized by plump cotyledons, elongated hypocotyls, and milky white or light yellow color. The statistical method of mature cotyledonary embryos was based on the characteristic parameters proposed by Le et al. (2021). The developmental stage of somatic embryos was screened under a stereomicroscope (Leica MZ16, Wetzlar, Germany).

Data were analyzed by a one-way ANOVA and a two-way ANOVA, and when necessary, data were transformed to achieve normality and equality of variance. A Tukey’s multiple comparison test was performed at the probability level of 0.01 using SPSS version 18.0 (IBM, United States). Data are presented as mean ± standard error.




RESULTS


Establishment of the Embryogenic Cell Suspensions

In our experiment, we observed that the proliferation rate (i.e., the increase in fresh weight and dry weight over time) of ESM followed an S-shape curve. As shown in Figure 2, under continuous culture for 15 days, the curve went through four stages: lag phase (O–A), exponential phase (A–B), stationary phase (B–C), and aging phase (C–D) (Figures 2A,B). Owing to the damage caused by cutting, burning, and so on, it took several days to recover the normal growth of ESM, which may be due to the adaptation and establishment of colonization of ESM in the fresh medium. It can be seen from Figure 2 that in the first 3 days, the cells were in the lag phase, and then, they entered the exponential phase. At this stage, the fresh weight of the cells increased rapidly, and the dry matter also accumulated rapidly, that is, the cell growth and material accumulation showed a high degree of synchronization. As time in culture increased, the EC eventually turned brown and became necrotic at the stationary and decline stage; meanwhile, the biomass of cells decreased rapidly. Therefore, we concluded that the optimal transfer period was 9–10 days of P. elliottii × P. caribaea.
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FIGURE 2. Growth curves of embryogenic calli (EC) of Pinus elliottii × Pinus caribaea. (A) The change of total fresh weight over time. (B) The dry weight with time. O–A, A–B, B–C, and C–D represent that the cell was in lag phase, exponential phase, stationary phase, and aging phase, respectively.


Subculturing every 9–10 days in the liquid medium can not only realize efficient proliferation of EC but also maintain the ability of somatic embryogenesis for a long time, that is to say, a stable suspension cell line was necessary for the efficient proliferation of EC and somatic embryogenesis. Microscopic observation showed that the ESM obtained by suspension culture was loose, and the suspensor apparatus was formed of elongated cells with large vacuoles (Figure 3a).


[image: image]

FIGURE 3. Microscopic characteristics of somatic embryogenesis. (a) Callus in the proliferation stage. The embryonic head of the filamentous embryos was composed of small, dense cytoplasmic cells, and the suspensor apparatus was formed by elongated cells with large vacuoles. Scale bar = 100 μm. (b,c) Morphology of embryogenic cells growing in the liquid medium subjected to synchronization. (b) Embryos stained with toluidine blue, consisting of the embryo proper and embryo suspensor. Scale bar = 200 μm. (c) The early somatic embryo consists of a single embryo with a globular compact embryonal mass with a protoderm-like layer and suspensor-like cells (S). Scale bar = 200 μm.




Embryogenic Calli Proliferation in Liquid Culture

Our experiment showed that with increasing of initial cell density, the proliferation multiple of ECs increased and the maximum appeared at the initial density of 5 ml PCV, then the proliferation multiple decreased (Table 1). The highest PCV and proliferation multiple reached 34.3 (±0.31) ml and 6.86 (±0.06), respectively. In addition, the phenomenon of clumps (a large number of cell clusters gathered together) appeared on the fifth day after subculture with a continuous increasing initial density of PCV. After centrifugation of cell suspension at 120 × g for 10 min, the ESM agglomerated and floated on the top of the liquid surface, resulting in a larger PCV than other treatments; nevertheless, the proliferation multiple decreased significantly. Furthermore, the liquid medium became turbid and the EC eventually turned brown. The ANOVA showed that the initial density had a significant effect on PCV and proliferation multiple of EC (P < 0.01).


TABLE 1. Effects of the initial density on the dense cell volume and proliferation multiple of Pinus elliottii × Pinus caribaea embryogenic calli (EC).

[image: Table 1]
The pH of liquid medium over time had the same change trend under different rpm, but the fresh weight and dry weight varied significantly. In the first 4 days of a culture period, the pH of the medium decreased rapidly from 5.8 to 4.5 (Figure 4A); meanwhile, cell growth was relatively slow. When rotated at 70 rpm, the fresh weight and dry weight increased exponentially in the following period (4–16 days) (Figures 4B,C), but the medium pH changed slightly. However, the pH of the medium rotated at 90 and 110 rpm increased more quickly than that of the medium rotated at 70 rpm, while the proliferation rate (i.e., the increase in fresh weight and dry weight over time) increased slowly. It could also be seen that the fresh weight and dry weight had a similar change trend during the subculture stage.
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FIGURE 4. The effect of revolutions per minute (rpm) on the change curves of somatic embryogenic calli (EC) in Pinus elliottii × Pinus caribaea in pH (A), fresh weight (B), and dry weight (C) over time.




Synchronization Control and Morphological Observation of Somatic Embryogenesis


Effect of Abscisic Acid on Synchronous Somatic Embryogenesis

Addition of ABA during suspension culture can improve the synchronous somatic embryogenesis according to the experimental results. After periodic incubation on ABA-containing medium but not on other PGRs, the suspension cultures were transferred to the mature culture medium. The number of mature somatic embryos was estimated after 6–7 weeks of growth. The results showed that concentrations of ABA in the medium in the suspension culture stage had a strong impact on the synchronous maturation of somatic embryos, reaching a highly significant level (Table 2); with the increase of ABA concentration, the highest number of mature cotyledonary embryos were achieved at 37.83 μM/L, with the average number of mature cotyledonary embryos of 274.7, which were induced from 1 ml PCV of cell suspension (Figure 5A).


TABLE 2. Variance analysis of the effects of different ABA and PEG concentrations, N source, and temperature on synchronous somatic embryogenesis of Pinus elliottii × Pinus caribaea.

[image: Table 2]

[image: image]

FIGURE 5. Effect of ABA concentration (A), N form, and concentration (B) on the synchronization of mature cotyledonary embryos in Pinus elliottii × Pinus caribaea. The different lowercase letters indicate significant differences (P < 0.01) between treatments based on Duncan’s test. Data represent the mean ± SD of three replicates.




Effect of N Form and Concentration on the Synchronization of Somatic Embryos

The variance analysis results showed that the concentration of NH4+ and the interaction between NH4+ and NO3– had an extremely significant effect on SE, but the effect of the concentration of NO3– was not significant (Table 2). The number of mature cotyledonary embryos induced under NH4+ concentration at 5 and 10 mM/L increased with the increase of the nitrate (NO3–) concentration. When the total nitrogen concentration was 40 mM/L (10 mM/L NH4+ and 30 mM/L NO3–, or both of them 20 ml/L), the number of somatic embryos reached the maximum; the average was 266.0 (±4) and 253.7 (±3), respectively (Figure 5B).



Effect of the Combination of 2,4-D and Temperature Treatments on the Synchronization of Somatic Embryos

To improve the synchronization of somatic embryogenesis in hybrid pine, EC were inoculated in the medium with gradually reduced 2,4-D (0–1.52 μM/L) and cultured at different temperatures for 12 h on the forth day after refreshing the medium. We found that, after 6–7 weeks of culture on the mature medium, low temperature (4°C) for 12 h during suspension culture enhanced somatic embryogenesis efficiency, with average numbers of 260.3 (±8) mature cotyledonary embryos per ml PCV of ESM, while the average number of embryos was 150.3 (±3) at 10°C and 100.3 (±7) at 20°C, respectively (Figure 6A). Temperature had a significant effect on the synchronization of somatic embryogenesis, i.e., at the stage of exponential proliferation, low temperature (4°C) was beneficial to somatic embryogenesis.
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FIGURE 6. Number of mature cotyledonary somatic embryos per ml of packed cell volume (PCV) obtained from solid maturation medium after culturing for 6–7 weeks. (A) In suspension culture, embryogenic suspensor mass (ESM) was treated at different temperatures for 12 h in the period of exponential growth of the culture cycle. (B) Cells were cultured on suspension medium without PGRs and then transferred to solid maturation medium with different concentrations of PEG, 45.2 μM/L ABA and 14.5 μM/L GA. The different lowercase letters indicate significant differences (P < 0.01) between treatments based on Duncan’s test. Data represent the mean ± SD of three replicates.





Effect of Polyethylene Glycol Concentration on the Synchronization of Somatic Embryos

Addition of PEG during maturation culture can effectively improve the ability of somatic embryos to mature. With the increase in the PEG concentration, the number of mature cotyledonary embryos first increased and then decreased (Figure 6B); production peaked at 80 g/L; and there was a significant decrease in the mature cotyledonary embryo numbers when the concentration of PEG was increased to 100 and 120 g/L, but there was no significant difference between them.



Microscopy of Somatic Embryogenesis

The EC maintained an efficient proliferation and potential somatic embryogenesis ability under certain PGRs in the suspension culture. In the early stage of differentiation cultured, the embryo-suspensor gathered at one end of the densely cytoplasmic cells, and the cells of the embryo head became more denser than that in the proliferation stage, forming a typical ESM, which showed significant polarity development (Figure 3b) and proliferated in a way similar to cleavage polyembryony (Hakman and Arnold, 1998). On the contrary, in the late stage of differentiation cultured, excessive cleavage polyembryony hindered the development of embryogenesis toward somatic embryos. To prevent the formation of cleavage polyembryony and promote the development of culture toward somatic embryo maturation, we added exogenous ABA and treated with low temperature accompanying the decrease of plant growth regulators, and changed the concentration and form of nitrogen. Therefore, the EC treated by the above method were highly synchronous, i.e., nearly all EC were at the stage of ESM (Figure 3c). After ESM was transferred to the mature medium, exogenous ABA accompanied with GA was added which had a very significant effect on the continuous development of ESM. In addition, the development of somatic embryos simulated the development of zygote embryos under the condition of human control. One of the important characteristics of zygotic embryo at the mature stage is that requiring a high osmotic pressure. To create a high osmotic pressure microenvironment in vitro, PEG was added. Polarity formed on mature medium, to the distal end to form cotyledonary primordia, and to the proximal end to form the radicle, thus forming a complete somatic embryo (Figures 7a–c). Our results showed that in the process of suspension culture, on the basis of the P6 medium, adjusting the concentration of NH4+ and NO3– to 10 mM/L and 30 mM/L, respectively, adding 37.83 μM/L ABA at the same time, with treatment at 4°C for 12 h, and adding 80 g/L PEG to the mature medium had the best effect, i.e., more than 270 mature cotyledonary embryos were obtained per dish.
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FIGURE 7. Morphology of somatic embryos at different developmental stages in P. elliottii × P. caribaea. ESMs after culturing on the solid mature medium for 14 (a), 21 (b), and 35 (c) days. Scale bar = 1 mm.




Germination and Plant Conversion

Transferring mature cotyledonary embryos to the regeneration medium in time was essential to increasing the plantlet regeneration rate. Mature cotyledonary embryos with the character of a plump cotyledonary, elongated hypocotyl, and milky white or light-yellow color were transferred from the mature medium to the germination medium (Figures 8a,b). Cultured for 7–10 days, the radicle turned red and the hypocotyl began to elongate, and then, the radicle extended downward to form the main root (Figure 8c), about 87.5% cotyledonary embryos germinated. One month later, the germinated somatic embryos drew out needle leaves (Figure 8d) and eventually grew into a complete plantlet (Figure 8e). When the plantlet was cultured in the nutrient solution, new roots grew out quickly (Figure 8f).
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FIGURE 8. Somatic embryo germinated and conversed to form complete plants. (a,b) Mature somatic embryos cultured for 6–7 weeks; normal, mature cotyledonary embryos were characterized by plump cotyledons and a color of milky white or light yellow; and the number of mature cotyledonary embryos in physiology and morphology accounted for 81.2%; the statistical method was based on the characteristic parameters proposed by Le et al. (2021). (c) Somatic embryo germination for 20 days; the radicle turned red and become the taproot, the cotyledon turned green, hypocotyls elongated. (d) Somatic embryo plantlet on rooting medium for 30 days. (e) Intact somatic embryo-derived plant 4–5 cm in height with 2–3 roots when subcultured for 3–4 cycles. (f) New roots (red arrowheads) grew when cultured for 3 days in the nutrient solution. Scale bar = 1 cm.





DISCUSSION


Establishment of a Suspension Embryogenic Cell Line

A suitable subculture transfer interval is the premise of continuous and stable proliferation and long-term embryogenic maintenance (Song et al., 2018). Shorter transfer interval led to a low growth rate that could not achieve the purpose of rapid proliferation. However, longer transfer interval resulted in a decline of proliferation multiple and browning of EC, which did not contribute to the maintenance ability of somatic embryogenesis. The growth of EC in liquid culture followed a typical S-shaped curve, but the transfer interval varied depending on the species (Fang et al., 2005; Shi et al., 2014; Wang et al., 2019). The growth of EC in Larix entered the logarithmic phase after 5–10 days of subculture, and the subculture period was 15 days, while in Liriodendron hybrids, it was 2–4 weeks (Chen et al., 2007; Song et al., 2018). In our study, the growth of EC was relatively slow within 3 days after inoculation, followed by a logarithmic phase and a stationary stage. During the logarithmic growth phase, the proliferation multiple of fresh weight and dry weight reached the highest, i.e., 7.16 and 5.32, respectively, which may be related to the rapid decline in the pH (from 5.8 to 4.2), programmed cell death (PCD), and other physiological and biochemical changes. This conclusion has also been confirmed in somatic embryogenesis of Larix leptolepis, that is, with a decrease of exogenous auxin content, the content of intracellular hydrogen peroxide (H2O2) reached the maximum and then promoted the occurrence of PCD (Zhang et al., 2013). Therefore, it was better to refresh the medium of hybrid Pinus at an interval of 9–10 days.

In the suspension culture, ESM dispersed evenly in the medium, which reduced the contact inhibition between cells and facilitated the material exchange inside and outside of the cell. Previous results showed that initial cell density had a significant effect on the proliferation and growth parameters (Shi et al., 2014; Song et al., 2018; Wang et al., 2019). In our study, we found that the proliferation multiple of ESMs cultured in liquid medium raised with increasing initial cell density. The lower initial cell densities were not beneficial to cell division; with higher amounts of initial cell densities, the cells competed for nutrients in the limited space with the increase over time, causing contact inhibition, and thus limiting the proliferation of ESM. On the contrary, due to less growth stimulus from the culture medium, the inner cells of agglomerated ESM might be restricted by the outer layers (Wang et al., 2019). The best initial density was 5 ml PCV per dish, that is to say, 2.5 (±0.1) g callus in fresh weight could be inoculated in a 50-ml liquid medium to achieve rapid proliferation of EC. The initial density was lower than that of Pinus nigra and Larix (Salaj et al., 2007; Song et al., 2018) but higher than that of Pinus massoniana (Shi et al., 2014), which may be related to the critical concentration of the embryogenic callus of different tree species.



Exogenous Abscisic Acid Was Critical for the Synchronous Development of ESMs

Exogenous abscisic acid (ABA) plays an important regulatory role in the formation and development of somatic embryos in many different coniferous species (Pullman and Bucalo, 2014; Zhang et al., 2019). In this study, ESMs had different responses to exogenous ABA depending on the stage of somatic embryo development; in the early stage, ESMs were sensitive to ABA, which can reduce secondary embryogenesis and promote further development, which was consistent with the reports on P. abies and L. leptolepis (Filonova et al., 2000; Zhang et al., 2013, 2014). The fact that exogenous ABA promoted the development of ESM was probably because of the expression of target genes regulated by exogenous ABA. Based on qRT-PCR and expression analysis, ABA was the main factor in LaGH3 and LaTCTP downregulation during the early stage of somatic embryogenesis, although the absence of auxin slightly decreased the expression of LaGH3 and LaTCTP (Zhang et al., 2013, 2014, 2019). However, when the concentration of ABA was 18.92 μM/L, ESMs turned brown, which eliminated or decreased the potential ability of somatic embryogenesis; eventually, only a few abnormal somatic embryos are formed, and they did not have the ability to germinate, similar to what had been found with Japanese larch (L. leptolepis) (Zhang et al., 2013). The process of somatic embryogenesis is similar to the development of zygotic embryos (Fischerova et al., 2008; Kanno et al., 2010), which is related to PCD (Vuosku et al., 2015). Appropriate ABA concentration was necessary to promote the further development of ESM. For example, in Picea rubens, a relatively higher level of exogenous ABA (40 μM/L) was required to maintain normal development and inhibit the early germination of somatic embryos (Harry and Thorpe, 1991). However, in Picea mariana and Picea glauca, a lower level of ABA (12 μM/L) was suitable for embryo growth (Attree et al., 1990), and in slash pine (P. elliottii Engelm), the production of somatic embryos was significantly increased by adding 5 mg/L ABA during the suspension culture (Yang et al., 2020). In this study, 37.84 μM/L of ABA in the suspension culture could achieve a good synchronization effect.



N Source Promoted the Synchronous Development of ESMs

The total nitrogen content, the nitrate/ammonium ratio, inorganic/organic nitrogen ratio, and other nitrogen sources, such as CH and amino acids, played an important role in the success of somatic embryogenesis (Zayed et al., 2012; Pìnèík et al., 2015; Wang et al., 2019). In our study, the number of embryos per dish varied between different N forms and concentrations. When the total nitrogen in the medium between 15 and 50 mM/L increased, the number of embryos per dish also increased. Nitrogen at a concentration of 40 mM/L (NH4+ 10 mM/L and NO3– 30 mM/L or NH4+ 20 mM/L and NO3– 20 mM/L) had a strong promoting effect on somatic embryogenesis of P. elliottii × P. caribaea. In Cyclamen persicum Mill, the highest number of somatic embryos was observed at 10 mM/L NH4+ and 20 mM/L NO3– in anther cultures while at 20 mM/L NH4+ and 10 mM/L NO3– in ovary cultures (Kiviharju et al., 1992). Our results were similar to that of Coffea arabica; somatic embryos can be induced by different nitrate/ammonium ratio, but an absolute requirement of ammonium in the culture medium was essential for an optimal response to somatic embryogenesis (Fuentes-Cerda et al., 2001). On the contrary, in Phoenix dactylifera L., the use of ammonium as the sole nitrogen source resulted in depression in somatic embryo differentiation, whereas the use of nitrate as the sole source resulted in the production of good quality somatic embryos (Zayed et al., 2012). We have also tested that the effect of nitrate and the interaction of nitrate and ammonium on somatic embryos were significantly higher than that of ammonium. It can be concluded that, when nitrate and ammonium nitrogen exist at the same time, nitrate nitrogen has a greater effect on somatic embryogenesis. The above results may be related to the fact that the modification of nitrogen forms and concentrations was an effective approach to reduce hyperhydricity, which directly affects the number of somatic embryos (Ivanova and Van Staden, 2009; El-Dawayati and Zayed, 2017).



The Synergistic Effect of Auxin and Low Temperature on the Synchronous Development of ESMs

2,4-Dichlorophenoxyacetic acid was beneficial to the induction of SE in Anthurium (Bautista et al., 2008; Wang et al., 2019). However, in our study, once ESMs were induced, their proliferation no longer requires a high concentration of 2,4-D. Therefore, the concentration of 2,4-D, as well as BA and KT, should be reduced in time; otherwise, the ESM would develop toward callus. Low temperature also plays an important role in synchronization, which may be related to some reactions in the prophase of cell division. Cells that are backward in division preparation could catch up with other cells after temperature stress treatment; only a few cells could be synchronized by one treatment. If the cells were given several series of high or low temperature and were then transferred to the optimal temperature for a certain time interval, the cells could accumulate in the pre-division stage again and again, so that the vast majority of cells could be synchronized (Mei et al., 2001). In this study, the concentration of 2,4-D accompanied with BA and KT was gradually reduced. Meanwhile, the low-temperature (4°C) treatment for 12 h in each exponential growth stage obtained a better synchronous effect than the high-temperature treatments (10 or 20°C).

In the process of somatic embryogenesis, many unexpected factors, which have not been recognized and are difficult to control, lead to asynchronization of SE for the same genotype at different times. Irrespective of a solid culture system or suspension culture system, synchronization is always a bottleneck that needs to be broken thoroughly (Kumar and Nadgauda, 2014). The regulation of gene expression and the influence of the culture microenvironment in embryogenic callus culture are of great importance. We believe that the loss of embryogenesis under long-term culture was probably due to the missing key time points in the process of somatic embryogenesis and the influence of microenvironmental factors on gene expression (Lin et al., 2021), resulting in disordered gene expression, which affected the normal process of somatic embryogenesis.

With the protocol we described, it is possible to obtain a high synchronous development of somatic embryos in P. elliottii × P. caribaea; however, the mechanism of somatic embryogenesis and regulation needs further study. It has been reported that there is a very close relationship between the type and content of metal ions and the expressed proteins during the development of zygotic embryos (Zhen et al., 2008; Vuosku et al., 2015; Heringer et al., 2018). We should find suitable means and methods to simulate or create the “microenvironment” of zygotic embryo development and to ensure proper embryogenesis transition from the “Kingdom of necessity” to the “Kingdom of freedom.” Especially with the development of molecular biology and plant stem cell biology, the cloning of specific genes and the construction of cDNA libraries of genes related to embryogenesis will contribute to the exploration of the mechanism of somatic embryogenesis.
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Embryogenesis is a complex phase of conifer development involving hundreds of genes, and a proper understanding of this process is critical not only to produce embryos with different applied purposes but also for comparative studies with angiosperms. A global view of transcriptome dynamics during pine somatic and zygotic embryogenesis is currently missing. Here, we present a genome-wide transcriptome analysis of somatic and zygotic embryos at three developmental stages to identify conserved biological processes and gene functions during late embryogenesis. Most of the differences became more significant as the developmental process progressed from early to cotyledonary stages, and a higher number of genes were differentially expressed in somatic than in zygotic embryos. Metabolic pathways substantially affected included those involved in amino acid biosynthesis and utilization, and this difference was already observable at early developmental stages. Overall, this effect was found to be independent of the line (genotype) used to produce the somatic embryos. Additionally, transcription factors differentially expressed in somatic versus zygotic embryos were analyzed. Some potential hub regulatory genes were identified that can provide clues as to what transcription factors are controlling the process and to how the observed differences between somatic and zygotic embryogenesis in conifers could be regulated.

Keywords: conifers, Pinus pinaster, pine embryogenic lines, zygotic embryogenesis, somatic embryogenesis, transcriptome, gene regulatory networks, transcription factor


INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is one of the most important forest species in southern Europe (ca. 4 million ha), particularly in the Mediterranean basin. Its significance is not only ecological but also economical, since it is a major source of wood and other forest-derived products. P. pinaster is widely distributed from coastal to continental areas, showing a high degree of variability and adaptability to a wide range of environmental conditions. For this reason, maritime pine is of high interest to develop efficient reproduction methods for plantation forestry purposes either through seeds or using vegetative propagation technologies to multiply true-to-type selected varieties with desirable characteristics. The control of maritime pine reproduction has also become a central issue in the context of climate change, which has led to seed shortages in this species in recent years (Boivin and Davi, 2016). Conifer somatic embryogenesis (SE) in combination with cryopreservation stands out as a powerful technology for the mass vegetative propagation of elite varieties (genotypes) with better adaptability to adverse conditions. The SE of conifers was first described in Norway spruce (Chalupa, 1985; Hackman et al., 1985) and Larix decidua (Nagmani and Bonga, 1985) and since then, protocols have been established for many species (Klimaszewska et al., 2016). The first report on maritime pine was published in the late 1980s (Hughes-Jarlet, 1989), and since then, the process has been extensively refined (Lelu-Walter et al., 2016; Trontin et al., 2016a). In most conifers including maritime pine, SE only allows to multiply embryos (zygote) from immature seeds. Therefore, the propagation of selected, tested varieties at field for years (typically 15 years in maritime pine) can only be obtained retrospectively from a juvenile, embryogenic cryopreserved stock established at the time of somatic embryogenesis initiation. The whole process is still difficult to achieve from other explants than seeds such as needles or buds from juvenile or adult trees (Trontin et al., 2016b). However, promising achievements have been obtained in spruce (Varis et al., 2018, and references therein).

Embryogenesis is the complex initial phase of plant life involving a network of hundreds of genes (Tzafrir et al., 2004; De Smet et al., 2010). Most knowledge has been gained from short-lived angiosperms (especially Arabidopsis) and little is known from perennials including gymnosperms. Yet, embryogenesis is a short but crucial phase for seed production and also for imprinting molecular patterns involved in delayed phenotypic plasticity of trees in response to environmental stress (Trontin et al., 2021). Understanding molecular aspects of both somatic (SE) and zygotic embryo (ZE) development in conifers is therefore of undoubted interest (Trontin et al., 2016c) at both fundamental and applied levels for (i) comparative studies between angiosperms and gymnosperms, (ii) understanding seed development and (iii) to optimize SE production for conservation, rescue, breeding and deployment issues of selected or natural genetic resources.

A critical process during the maturation of maritime pine embryos (from late embryogenesis to fully mature embryos) is the synthesis and deposition of storage proteins that are extremely rich in the amino acid arginine (Allona et al., 1994; Llebrés et al., 2018a,b). Somatic embryos have been reported to accumulate fewer storage proteins than fully matured zygotic embryos with an imbalance in arginine metabolism (Morel et al., 2014; Llebrés et al., 2018b).

Another pathway of paramount importance for plant N economy is the biosynthesis of aromatic amino acids (Lynch and Dudareva, 2020). Phenylalanine and tyrosine are the precursors of a variety of essential secondary metabolites for plant development and response to environmental stimuli (Pascual et al., 2016; El-Azaz et al., 2021). The enzymes arogenate/prephenate dehydratases (ADT/PDT) catalyze the rate-limiting step in phenylalanine biosynthesis, and in maritime pine, are encoded by a gene family of at least nine members (El-Azaz et al., 2016, 2021). Tyrosine is synthesized by arogenate dehydrogenase (ADH) using an intermediary of the arogenate pathway (Schenck and Maeda, 2018; Lynch and Dudareva, 2020).

Transcriptomic approaches in conifers have been very useful in understanding both basic functions in tree biology and global responses to environmental changes. In maritime pine, the availability of genetic and genomic resources has largely allowed their use in functional genomics approaches (Cañas et al., 2019).

In this work, RNA-seq was used to further improve a previous version of the maritime pine transcriptome (Canales et al., 2014; Cañas et al., 2017) and, additionally to understand and compare the embryo maturation during somatic and zygotic late embryogenesis at the transcriptional level. The aim was to specifically compare somatic and zygotic embryos to discover differentially expressed genes and metabolic pathways functioning in a different manner during late somatic embryogenesis. Three key developmental stages were analyzed for both SE (from early to cotyledonary stages) and ZE (from pre-cotyledonary to cotyledonary embryos).

Significant differences were found in the expression profiles of SE. Special emphasis was placed on the identification of key transcription factors (TFs) involved in the regulation of the process and amino acid biosynthesis pathways vitally important for embryo development. Overall, the results provide new insights into conifer embryogenesis, with potential value to better understand seed development in the context of global warming and refine the vegetative propagation of maritime pine via SE toward multi-varietal forestry (Lelu-Walter et al., 2016; Trontin et al., 2016a).



MATERIALS AND METHODS


Plant Material

The P. pinaster embryogenic cell line PN519 (controlled cross G0.4304*G0.4301) selected for this work was initiated in 1999 (ref. 99PP1) at FCBA (France) and has been extensively characterized during the past 15 years (Trontin et al., 2007, 2016a; Lelu-Walter et al., 2016; Llebrés et al., 2018b). Proliferation was performed on modified Litvay medium (mLV) with low PGRs as defined by Klimaszewska et al. (2001). For the maturation step of somatic embryos, the mLV medium was supplemented with higher content of sucrose (68 g L–1) and, gellan gum (Phytagel, 9 g L–1), and abscisic acid (ABA, 80 μM) was used as the only plant growth regulator. Proliferation and maturation were conducted at 24°C in darkness inside a culture chamber. Samples were collected at three different stages of maturation: early-stage translucent SE (ES1, after 4–6 weeks), pre-cotyledonary opaque SE (ES2, after 6–10 weeks) and cotyledonary SE (ES3, after 12–14 weeks). In addition to PN519, three embryogenic cell lines ABN20008, ABN200010, and ABN20004 initiated in 2020 at FCBA (ref. 20PP7, 20PP8, and 20PP10) from open-pollinated mother tree G0.0123 were also analyzed. Samples were collected at FCBA for two stages of maturation: pre-cotyledonary opaque SE (ES2) and cotyledonary SE (ES3), frozen in liquid nitrogen and stored at −80°C until use. For simplification we will refer to the PN519, ABN20008, ABN200010, and ABN20004 lines as follows throughout text: PN519, PP7, PP8, and PP10, respectively.

Reference zygotic embryos (ZE) were excised from seeds collected from a single maritime pine (Pinus pinaster Ait.) seed orchard (PP-VG-014, Picard, Saint-Laurent-Médoc, France) from July to November 2015. Embryos were sampled at different developmental stages according to de Vega-Bartol et al. (2013): pre-cotyledonary ZE (PC, early to mid-July), early cotyledonary ZE (EC, mid to late-July) and cotyledonary immature ZE (C, from early August to early September). The ZE samples were frozen in liquid nitrogen and stored at −80°C until use.



RNA Extraction and Sequencing

Extraction of total RNA was performed as described by Canales et al. (2012) and initially quantified using a NanoDrop© ND-1000 spectrophotometer. Biological samples representing PC, EC, and C stages of ZE development were harvested. In addition, equivalent stages (ES1, ES2, and ES3) of the maturation phase of PN519 line were selected also for RNA isolation. Three technical replicas of three independent biological samples were used in all cases. The RNA samples were tested for quantity and integrity using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, United States). Only RNA with RNA integrity number (RIN) 7 or higher was used for subsequent processing. Synthesis of cDNA, construction of cDNA libraries and HiSeq was performed by Novogene (Hong Kong) using a NovaSeq 6000 sequencer according to manufacturer instructions for paired-end reads of 150 bp length (Illumina, San Diego, CA United States). RNA from samples corresponding to lines PP07, PP08, and PP10 was extracted as previously described.



Data Pre-processing and Transcriptome Assembly

Once the raw data was obtained, a reading cleaning process was carried out to remove contaminants, low quality readings and adapters not previously removed using SeqTrimBB1. A quality filter Q > 20 was applied as previously described (Ortigosa et al., 2021). Maritime pine reference transcriptome (Canales et al., 2014) was implemented with sequencing data produced during this study (Supplementary Table 1). Reads were assembled using Trinity 2.11 (Haas et al., 2013) as described in Ortigosa et al. (2021). Redundancy was reduced using CD-HIT-EST (Li and Godzik, 2006). This preliminary assembly was the input of the Mira assembler software (Chevreux et al., 2004). The maritime pine transcriptome (Canales et al., 2014; Cañas et al., 2017) was used as the reference for the read mapping that was performed with BWA using the MEM option (Li and Durbin, 2009). Expression level was obtained by reading counting using the phyton script sam2counts2. Differentially expressed (DE) transcripts were identified using the edgeR package for R, and then normalized by cpm and filtered with 2 cpm in at least 6 samples (Robinson et al., 2010).

Samples were grouped by SE or ZE stage. After differential expression analysis only transcripts with FDR < 0.05 and a Fold Change >1 were considered as differentially expressed. These RNA-seq data have been deposited in the NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series under the accession number GSE1940393. Additionally, RNA seq and network results are accessible through a database in HTML format that can be installable with R packages and downloaded from GitHub4.

Subsequently, functional enrichments were made using the annotations of “Gene Ontology (GO)” and “KEGG Orthology (KO)” using AgriGO computer tools (Tian et al., 2017), as it is the most suitable for this type of processes in plants, and KEGG Mapper (Kanehisa and Sato, 2020), respectively.



Real-Time Quantitative PCR

Synthesis of cDNA was performed using total RNA (500 ng) and with 5X iScript™ cDNA Synthesis Kit (Bio-Rad) in a volume reaction of 10 μL following manufacturer’s recommendation. Real-time PCR was carried out on a CFX384 thermal cycler (Bio-Rad) under the following conditions: 1 cycle of denaturation at 95°C for 2 min, 40 cycles of denaturation at 95°C for 1 s, hybridization at 60°C for 5 s and finally 1 cycle of 30 s at 95°C, 5 s at 65°C, 0.5 s at 95°C for the generation of the dissociation curve that confirmed the specific amplification of each reaction. Each reaction proceeded by triplicate in a total volume of 10 μL, 5 μL of SsoFast™ EvaGreen® Supermix (Bio-Rad), 2 μL cDNA (5 ng μL–1) and 0.5 μL of 10 μM of a specific primer. Actin-7 (18113) was used as a reference gene. Sequences of specific primers are listed in Supplementary Table 2. Relative expression profiles for each gene were obtained employing the R package (Ritz and Spiess, 2008) and normalized to the reference gene. This procedure was used first to validate level of expression inferred from the RNA seq data (Supplementary Figure 1) and afterward for expression analysis of candidate genes in the four embryonic lines used in this study at ES2 and ES3 stages compared to their counterparts zygotic embryos.



Construction of Co-expression Networks and Mining of Hub Genes

Using the normalized data from the RNA-seq reads, the co-expression networks were established. In this way we can obtain the grouped genes thanks to their joint expression profiles using a statistical correlation test. WGCNA R (R Core Team, 2021) package was necessary for the co-expression network construction (Langfelder and Horvath, 2008). The function pickSoftThreshold was used to choose an appropriate soft-thresholding power based on a scale-free topology criterion. The weighted adjacency matrix was constructed using the soft-thresholding power. The relationships of the elements within these groups allow us to know those genes involved in the regulation of the candidate genes obtained in the previous analysis of RNA-seq and/or in the biological pathways of interest. These “hub genes” are those that maintain a greater number of significant interactions with the rest of the elements within the co-expression groups. To determine these “hub genes,” the topological adjacency matrix generated by WGCNA was used to determine those genes that have high connectivity, that is the 10% of the genes with more connections within each module and that have a high affiliation value per module (Yang et al., 2019). The identification of regulatory elements that take part in biological pathways of interest is intended.

The relationship between one gene and all other ones in the analysis was incorporated, and the adjacency matrix was transformed into the topological matrix (TOM) (Yip and Horvath, 2007). After hierarchical clustering, highly interconnected genes were assigned to the same module (Ravasz et al., 2002). Hub genes were extracted selecting the 10% of the genes with more connectivity of each module and gene Module Membership > 0.80 (Wang et al., 2021).




RESULTS


Experimental Design and Gene Expression Patterns During Pine Development

To perform a global study of gene expression in pine embryos (Figure 1), two sets of samples were analyzed representing comparative developmental stages in somatic early-stage translucent (ES1), precotyledonary opaque (ES2) and cotyledonary (ES3) embryos, and zygotic precotyledonary (PC), early cotyledonary (EC) and cotyledonary (C) embryos (Llebrés et al., 2018b). Samples were used to extract high-quality RNA for sequencing using the Illumina platform (Figures 1A,B). Expression information from samples harvested during the time course of embryo development corresponded to the total genes expressed either in zygotic or somatic pine embryos in all developmental stages considered. These transcriptomic data were further used for differential expression analysis, gene-network construction and heat-map/module definition (Figure 1C).
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FIGURE 1. Experimental design. (A) Schematic representation of comparative developing stages of somatic: early-stage translucent (ES1), pre-cotyledonary opaque (ES2), and cotyledonary (ES3) and zygotic embryos: pre-cotyledonary (PC), early cotyledonary (EC) and cotyledonary (C). (B) Scheme of RNA extracted from samples and subsequent NGS-sequencing. (C) Differential expression analysis using bioinformatics tools.


The global differential expression analysis is presented in Figure 2. A Venn diagram depicting the number and percentage of overrepresented genes in zygotic versus somatic embryos is presented in Figure 2A. The number of genes overrepresented in the zygotic embryos is similar in all different developmental stages (PC, 1584; EC, 1772; C, 1642). In contrast, the number of overexpressed genes in somatic embryos was greater than that observed in zygotic development (6,687 in total, Figure 2B). There are more genes overrepresented in stage ES3 (4,814) compared to ES1 (3,288) and ES2 (3,097). These findings indicate that several pathways were upregulated in SEs from early to late developmental stage compared to their presumed zygotic counterparts. Transcriptomic data were validated by qPCR analysis of selected genes (Supplementary Figure 1).
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FIGURE 2. Global differential expression analyses. Venn diagrams of differentially expressed genes in zygotic (Z) versus somatic (S) embryos in three consecutive sets of similar developmental stages during late embryogenesis: PC and ES1, EC and ES2, C and ES3, respectively. The number of genes showing a fold-change >2 between consecutive stages of development is shown. (A) Genes overrepresented in zygotic (Z) compared the somatic (S) stages are considered. (B) Genes underrepresented in the zygotic are considered.




Co-expression Analysis of Differentially Expressed Genes

To identify major trends in both sets of genes, a cluster analysis based on co-expression during embryo development was performed. Hierarchical clustering was used to group the DEGs into a minimal set of clusters (modules) reporting conserved expression profiles within each cluster and distinct profiles among clusters. The hierarchical clustering grouped the set of genes into eighteen modules, each of which was identified with a color: black, blue, brown, magenta, midnight blue, pink, cyan, green, greenyellow, purple, red, salmon, gray60, lightcyan, lightgreen, tan, turquoise, yellow, and in addition a false gray module representing unassigned genes (eight genes) that does not represent a real module (Figure 3). The genes assigned to each module are listed in Supplementary File 1. The number of genes integrating each module and the mean expression levels of genes in each module are shown in Figure 3A. Modules with the greatest number of genes were turquoise (7,343) and blue (6,462). The smallest modules include midnight blue (32), lightcyan (31), gray60 (27), and lightgreen (21).
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FIGURE 3. Gene co-expression network analysis. (A) Mean expression profile of genes in each correlation module representing correlative developing stages (CPM, counts per million mapped reads). The number of genes included in each module is shown by its name. Zygotic developmental stages: PC, EC, and C represented in blue. Somatic developmental stages: ES1, ES2, and ES3 are represented in red. Data are means of three values from the RNA seq reactions. (B) Heat map showing the relationships between the modules and embryo developmental stages. The correlation, positive (light to dark red) or negative (light to dark blue) with either somatic or zygotic embryos data globally represented is indicated.


Eight modules displayed genes overrepresented in somatic versus zygotic embryos, regardless of the developmental stage: black, brown, magenta, cyan, greenyellow, purple, turquoise, and yellow. Three modules grouped genes underrepresented in the somatic embryos: pink, light cyan and lightgreen. The rest of the modules represent groups of genes whose expression changed during the development of somatic embryos from being over- or underrepresented in the early stages of development (ES1) to being under- or overrepresented in the later stages (ES2 and ES3).

The relationship of the modules either with somatic or zygotic embryos was performed using a Pearson correlation and examined generating a heatmap shown in Figure 3B. The lightgreen module was strongly correlated with both somatic (negatively) and zygotic stages (positively). However, this module has only 21 genes with no significant functional, defined categories. Another module, purple (302 genes), similarly correlated with both somatic (negatively) and zygotic (positively) stages. Conversely, three modules were positively correlated with somatic stages and negatively with zygotic stages: brown (2,691 genes), gray60 (27), and tan (263). These modules include important genes involved in development, cellular biogenesis and regulation. There are two modules that only showed positive correlation with somatic stages: greenyellow (277 genes) and black (685) involved in metabolic processes and regulation. Similarly, two modules showed positive correlation but only with zygotic stages: red (723 genes) and the false module gray (8). At last, two modules also correlated with zygotic stages but negatively: green (2,145 genes) and pink (541). These modules representing a specific correlation may include genes that are specifically involved in either somatic or zygotic developmental stages.

To determine functions associated with the modules, enrichment analysis was performed using the AgriGO platform (Tian et al., 2017). Distribution of functional categories corresponding to each co-expression module is included in Supplementary File 2. It is worth highlighting the blue module made up of 6,462 genes in which there is a broad representation of genes involved in regulation of biological processes: transcriptional regulation (518), regulation of gene expression (628) and regulation of metabolic processes such as the metabolic regulation of nitrogenous compounds (574). Similarly, the large module turquoise (7,343 genes), has a considerable representation of genes involved in development (326), morphogenesis, division and cell proliferation, and regulation of metabolic processes (732) such as transport, nutrient reservoir and catalytic activity, and stimulus response (603). Modules containing approximately 100 or fewer genes did not have characteristic functional enrichments except for the salmon module integrated by 144 genes, which presented enrichment in 49 genes involved in oxidation/reduction. To further understand functions at the molecular level, a KEGG mapping was performed for a global metabolic overview. Several metabolic pathways were highlighted being more represented in somatic embryos such as those related to N metabolism (Supplementary Figure 2) and biosynthesis of aromatic amino acids and phenylpropanoids (Supplementary Figure 3).



Search for Hub Genes During Maritime Pine Embryo Development

Next, we searched for genes with a high level of connectivity in each module. As described in section “Materials and Methods” the 10% of the transcripts with more connections were considered hub genes. Using this criterion, a total of 1,657 hub genes were listed across modules and annotated in Supplementary Table 3, and further characterized (Figure 4). Establishing a hierarchical cluster of hub genes based on the whole dataset, we obtained a heatmap showing the relationship of these highly connected genes with the corresponding embryo developmental stage. As shown in Figure 4A, a greater generalized expression of the hub genes was observed at early stages of the development in both zygotic and somatic embryos.
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FIGURE 4. Identification of hub genes and transcription factors. (A) Hierarchical clustering and heat map of hub genes differentially expressed in somatic: ES1, ES2, and ES3 and zygotic: PC, EC, and C embryos. The heat map represents a total number of 1657 hub genes with connectivity >10% (see section “Materials and Methods”). The hierarchical clustering was performed using Ward’s minimum variance method. (B) Co-expression network interactions of TF hub genes differentially expressed during pine embryo development. TFs included are: NAC domain protein (NAC), Myb-related protein (MYB), ethylene-responsive TF (ERF), protein BEARSKIN, high mobility group B protein (HMG), histone H3.3, histone H2A, chromatin licensing and DNA replication factor 1 (CDT1), DNA polymerase (DNApol), regulator of nonsense transcripts 1-like protein (UPF1), bHLH, LINE-1 reverse transcriptase isogeny (LINE-1) and type-B response regulator (B-ARR). Cytoscape version 3.9.1 platform was used to visualize the network (Shannon et al., 2003). Square symbols mean TF, blue edges indicate negative co-expression associations and red edges indicate positive co-expression associations. Colors inside each symbol agree with the co-expression module where the gene is included (see Figure 3).


To gain insights into the regulation of maritime pine embryos special attention was given to the identification of TFs that were at the same time hub genes (Supplementary Table 4). The presence of B-ARR and ERF protein families, whose members have been described as participating in the regulation of plant development, was particularly noteworthy. A total of 63 hub genes were classified as TFs, and their distribution in the different co-expression modules was uneven. The module with the highest number of hub genes that are at the same time TFs was the blue module with 34 regulatory genes belonging to the NAC, ERF, Myb, and b-Zip families, although the most abundant were included in the ERF family with 10, and the MYB family with 6 representatives. The other modules with the highest representation of hub regulatory genes were the green module, with 13 genes mainly belonging to the HMG group, and the turquoise module, with eight members, two of which were B-ARR. There were some modules without representation of hub regulatory genes, mainly including those that were integrated by a small number of genes: cyan, greenyellow, gray60, lightcyan, lightgreen, midnight blue, pink, purple, red, salmon, or tan.

A gene co-expression network analysis was performed for relevant hub TFs exhibiting the highest number of connections to construct a network diagram (Figure 4B). The aim was to provide a greater understanding of the cellular and metabolic functions related to the selected TFs. The co-expression network include TFs mainly of the NAC, MYB, ERF, HMG, and bHLH families and their expression increased during the development of somatic embryos. Among them, a member of B-ARR was identified acting as a main regulator of the network. Figure 5 shows the co-expression network of B-ARR from the turquoise module. This TF is related to other regulatory and structural genes involved in nutrition: (i) nitrogen, nitrite reductase, cysteine synthase, and transporters such as UMAMIT and CAT; (ii) carbon, starch synthase, phosphoglycerate kinase, phosphoenolpyruvate carboxylase, ribulose bisphosphate carboxylase small subunit, sedoheptulose-1,7-bisphosphatase; and (iii) sulfur and phosphate, sulfate transporter 3.1, and protein phosphate starvation 3 as well as other TFs such as CCCH zinc fingers, JAZ and HD-Zip members. As nutrition is essential for embryo development the functional characterization of B-ARR deserves special attention.


[image: image]

FIGURE 5. Graphical view of the B-ARR gene co-expression network. Genes included are those encoding: E2F, E2F-like protein; PHR3, protein phosphate starvation response 3; PERK10, proline-rich receptor-like protein kinase; PPI, peptidyl-prolyl cis-trans isomerase; GST, glutathione S-transferase; F-box, F-box/kelch-repeat protein; JAZ, jasmonate ZIM-domain protein; PEPC, phosphoenolpyruvate carboxylase; PP, serine/threonine-protein phosphatase; PD, prephenate dehydrogenase; ADH, alcohol dehydrogenase; HSK, homoserine kinase; FGH, S-formylglutathione hydrolase; MDH, malate dehydrogenase; CCCH, zinc finger CCCH domain; HD-Zip, homeobox-leucine zipper-like protein; RABA1f, ras-related protein; ISA1, isoamylase 1; NIR, ferredoxin–nitrite reductase; HSFA1E, heat stress TF A-1e; GST, glutathione S-transferase; ARF, auxin response factor; CAT, cationic amino acid transporter, usually multiple amino acids move in and out transporter (UMAMIT), starch synthase (SS) and telomeric repeat binding protein (TRF). Cytoscape version 3.9.1 platform was used to visualize the network (Shannon et al., 2003). Square symbols mean TF, triangles mean no-TF, blue edges indicate negative associations and red edges indicate positive associations. Color inside each node means the co-expression module where the gene is included. Gray symbols represent genes that in the B-ARR interaction network are only expressed in the cotyledonary stage (C) of the zygotic embryos.




Validation of Differentially Regulated Pathways in Several Lines of Somatic Embryos

As transcriptome and co-expression network analyses of zygotic and somatic embryos were performed in a single embryogenic line (PN519), subsequent experiments were performed to elucidate whether the observed differences could be related to the SE protocol or rather to the characteristics of the embryogenic line itself. The transcript levels of regulatory and structural genes were assessed in PN519 as well as in 3 additional embryogenic lines (PP7, PP8, and PP10). PN519 is routinely used at different laboratories since 1999 and typically exhibits high embryogenic ability (mean of 94 SE g–1 fresh mass embryogenic tissue, Lelu-Walter et al., 2016; Trontin et al., 2016a). In contrast, PP7, PP8, and PP10 are 3 lines initiated more recently (2021) and showing quite low embryogenic ability (PP7: 16 SE g–1; PP8: 26 SE g–1; PP10: 19 SE g–1). Gene expression was studied at stages ES2 (precotyledonary) and ES3 (cotyledonary) of SE and stages EC (early cotyledonary) and C (cotyledonary) of ZE.

Figure 6 shows the expression levels of several hub regulatory genes previously identified by gene network analysis. No major differences were observed in the transcript levels of two NAC genes among the SE lines examined. In contrast, a MYB from the brown module depicted increased levels of expression in the three SE lines that exhibits a lower embryogenic capacity.
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FIGURE 6. Expression patterns of regulatory hub genes. Quantitative analysis of transcript levels for genes that are differentially expressed in zygotic embryos (Zy) at early cotyledonary (EC) and cotyledonary stages (C) versus four somatic lines, PN519, PP7, PP8, and PP10, at pre-cotyledonary opaque (ES2) and cotyledonary (ES3) stages. Genes included in the analysis were those encoding NAC black, NAC magenta, and MYB brown in reference to the co-expression module where the TF is included. Each value is the mean ± standard deviation of three biological replicates. Asterisks indicate significant differences between zygotic and somatic samples calculated using Student’s t-test (P < 0.05). The expression level for all genes was normalized using Actin-7 as a reference.


Considering that N is an important nutrient involved in embryo development, the amino acid metabolism was also studied. Gene expression related to arginine metabolism is shown in Figure 7. The relative abundance of transcripts for glutamine synthetase (GS1b) in the four embryogenic lines was higher than that in zygotic embryos at either the EC-ES2 or C-ES3 stage. In contrast, the expression levels of Asparaginase (ASPG) were lower in the four lines at the EC-ES2 stage, although similar expression levels were found at the C-ES3 stage, with the exception of the PN519 line, which still exhibited lower transcript abundance than the zygotic line. Argininosuccinate synthetase (ASS) transcripts displayed a slight increase in the embryogenic lines compared to those observed in the zygotic samples for both the EC-ES2 and C-ES3 stages. Arginase (ARG) expression showed a clear induction at the stage EC-ES2 for all embryogenic lines (as GS1b), although in C-ES3, no major differences were observed between lines and zygotic embryos, except for PN519 showing a different pattern of reduced expression. PN519 was the unique line showing increased levels of transcripts encoding delta-1-pyrroline-5-carboxylate dehydrogenase (P5CDH) in zygotics at both stages examined.
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FIGURE 7. Differential expression of genes involved in arginine metabolism. Quantitative analysis of transcript levels for genes that are differentially expressed in zygotic embryos (Zy) at early cotyledonary (EC) and cotyledonary stages (C) versus four somatic lines, PN519, PP7, PP8, and PP10, at pre-cotyledonary opaque (ES2) and cotyledonary (ES3) stages. Genes included in the analysis were those encoding glutamine synthetase (GS1b), asparaginase (ASPG), argininosuccinate synthase (ASS), arginase (ARG) and pyrroline-5-carboxylate dehydrogenase (P5CDH). Each value is the mean ± standard deviation of three biological replicates. Asterisks indicate significant differences between zygotic and somatic samples calculated using Student’s t-test (P < 0.01). The expression level for all genes was normalized to that of Actin-7 as a reference gene.


The differential expression of genes involved in the biosynthesis and metabolic fate of phenylalanine and tyrosine is shown in Figure 8. No changes in the expression of ADH, a gene involved in tyrosine biosynthesis, were apparent at stages EC-ES2. However, decreased levels of ADH transcripts in the four embryogenic lines were recorded when compared to those in zygotic embryos later in development (C-ES3). The expression levels of two members of the ADT gene family were also assessed: ADT-F, a typical ADT from conifers with unknown function, and ADT-G, an arogenate dehydratase also exhibiting prephenate dehydratase (PDT) activity (El-Azaz et al., 2016). ADT-F and ADT-G expression levels were lower at both stages in the embryogenic lines except for line PN519, which exhibited higher expression of ADT-G at EC-ES2. Phenylalanine is the precursor of many secondary metabolites and structural components in vascular plants, such as lignin. Regarding metabolic utilization of phenylalanine for the biosynthesis of phenylpropanoids all genes examined exhibited enhanced expression levels in the four embryogenic lines (Figure 8).
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FIGURE 8. Differential expression of genes involved in phenylalanine biosynthesis and utilization. Quantitative analysis of transcript levels for genes that are differentially expressed in zygotic embryos (Zy) at early cotyledonary (EC) and cotyledonary stages (C) versus four somatic lines, PN519, PP7, PP8, and PP10, at pre-cotyledonary opaque (ES2) and cotyledonary (ES3) stages. Genes included in the analysis were those encoding arogenate dehydratase (ADT-F and ADT-G isoforms) ADH, arogenate dehydrogenase; PAL, phenylalanine ammonia-lyase; 4CL, 4-coumaroyl-CoA ligase; CSE, caffeoyl shikimate esterase; and CAD, cinnamyl alcohol dehydrogenase. Each value is the mean ± standard deviation of three biological replicates. Asterisks indicate significant differences between zygotic and somatic samples calculated using Student’s t-test (P < 0.01). The expression level for all genes was normalized to that of Actin-7 as a reference gene.





DISCUSSION

A transcriptomic general survey previously performed in maritime pine zygotic embryos revealed the high representation of transcripts involved in carbohydrate metabolism, monosaccharide transport and the possible role of epigenetic regulation (de Vega-Bartol et al., 2013; Rodrigues et al., 2018). The aim of this work was to have an overview of the transcriptome dynamics in both systems, to identify pathways/genes that are differentially represented, and which regulators of gene expression could be identified with an emphasis on regulatory hub genes, i.e., those with the highest interactions within co-expression groups. The final goal was to pave the way for subsequent comparative studies of zygotic and somatic embryogenesis in plants with a biotechnological, practical dimension addressed to improve the quality and ultimately the vigor of SE plants. Somatic embryogenesis in maritime pine has been significantly refined but one major problem remaining is low initial vigor of somatic seedlings at field compared to standard, reference seedlings (Trontin et al., 2016a). Although the somatic seedlings regain normal growth after 2–3 seasons, the initial time lag is a major limitation for the practical implementation of the technology by foresters, particularly considering the competition with weeds which is very strong the first year after planting.


What Have We Learned From the Transcriptome Differential Analysis?

Transcriptome analyses have shown that the number of genes differentially expressed during the maturation of zygotic embryos does not change substantially when considering the precotyledonary, early cotyledonary or cotyledonary stages. Approximately 1600 genes in each case were overrepresented during zygotic embryo development, and 50% of them were common in all three stages, showing functions that were found to be underrepresented in the development of somatic embryos (Figure 2). Conserved functions predominantly represented in zygotic over somatic embryos were cellular metabolic processes involving macromolecules, nucleotides and nucleic acids, which are necessary to assist the growth of new plants (Supplementary File 3). These findings agree with those of a previous study of transcriptome dynamics in Pinus sylvestris zygotic embryos (Merino et al., 2016). The number of genes exclusively overrepresented in each zygotic phase increased from the precotyledonary stage to the cotyledonary stage as expected for a process of increasing complexity as the embryo develops. The number of DEGs overexpressed in common between stages was highest for the PC and EC stages suggesting that these 2 stages are less differentiated compared to the C stage in accordance with de Vega-Bartol et al. (2013). In contrast, the number of genes overrepresented in the somatic embryos was higher than in zygotic embryos, increasing from 3,000 genes in stages ES1 (early stage) and ES2 (pre-cotyledonary) up to 4,800 in ES3 (cotyledonary). It would be interesting to see how these differences translate at the functional proteomic level. Functional categories for common genes in somatic stages were those related to developmental and metabolic processes and regulation of metabolic processes (Supplementary File 4). Remarkably, a high number of genes involved in regulation were differentially represented in somatic embryos. The gene co-expression modules overrepresenting functions in somatic embryos were consistent with the global transcriptomic analyses previously performed. In fact, eight modules contain genes with a higher expression level in somatic embryos at all developmental stages examined (Figure 3). These results clearly indicate that changes in the transcriptome were much more pronounced in somatic than in zygotic embryos. Some metabolic pathways were found more represented in somatic embryos such as nitrogen metabolism, biosynthesis of aromatic amino acids and phenylpropanoids. There was also prevalence of genes involved in oxidation-reduction processes. Nitrogen-related metabolic variations are key issues during conifer somatic embryogenesis up to the germination phase (Pérez-Rodríguez et al., 2006; Dowlatabadi et al., 2009; Businge et al., 2013; Llebrés et al., 2018b). In addition, pathways related to secondary metabolisms such as phenylpropanoids or oxidation-reduction have been involved in stress resistance processes (defense functions) associated with embryo development such as maintenance of efficient cellular homeostasis [reviewed in Trontin et al. (2016c)]. Taken together, the above findings suggest that during late embryogenesis there is a readjustment in transcriptome dynamics allowing compliance with the developmental program that is well established during embryogenesis. To gain insights into how gene expression is reprogrammed during somatic embryo development a systems biology approach was followed to identify relevant regulatory genes involved in the observed changes.



Identification of Hub Genes and Molecular Signaling in Maritime Pine Embryos

Information processing is essential to ensure that an efficient response can be translated into development. In regulation, signaling linear cascades are combined in multidimensional networks to develop greater specificity and allow successful integration of signals (Milo et al., 2002). The data shown in Figure 4 indicate that most identified hub genes were highly expressed at early stages of embryo development, either somatic or zygotic. These results suggest that molecular and functional interactions are essential during the initial steps of embryo development since there are many processes that must start to guarantee that the final cotyledonary, mature embryo is fully functional. Furthermore, the transcriptional analyses revealed that many TFs were differentially expressed during somatic and zygotic embryogenesis and allowed to identify those that were hub genes themselves. Although their functions must be validated, it is interesting to highlight the identification of B-ARR as one of the TFs with the highest connectivity among the hub regulatory genes. B-ARR genes are members of the GARP family of TFs initially identified in Arabidopsis as transcriptional effectors downstream of cytokinin network signaling (Kieber and Schaller, 2014; Xie et al., 2018). Cytokinin is a phytohormone that is involved in almost every aspect of plant growth and development. It was first characterized by its ability to promote cell division (Skoog and Miller, 1957), and since then, its roles in many cellular processes have been reported (Kieber and Schaller, 2014). In conifers, there is now some discussed evidence that cytokinins are involved in maintenance of the embryogenic state (Gautier et al., 2019), embryo development (Li et al., 2017) as well as transduction of environmental signals resulting in plant phenotypic plasticity (Castander-Olarieta et al., 2021; Trontin et al., 2021). The GARP family includes regulatory genes involved in the control of plant responses to nutrients and it has been proposed to also include nutrient sensors (Safi et al., 2017). The network generated by this hub gene includes TFs belonging to other families, which suggests a multitude of transcriptional controls over other pathways. It is noteworthy that the regulation of transport and mobilization of amino acids during embryogenesis (Llebrés et al., 2018b) and seed development (Besnard et al., 2018) are important N bottlenecks in pine. In this sense, the identification of transporters such as UMAMIT in the B-ARR gene network provides new insights into the availability, transport and use of N at early stages of pine embryo development.



Regulatory and Structural Genes Were Differentially Regulated in Several Somatic Embryogenic Lines

While the above results provide new insights into how maritime pine SE is regulated, they have the potential limitation of being acquired using a single embryogenic line with robust ability to produce cotyledonary embryos (PN519). To confirm the data derived from the system genetics approach, the transcript levels of candidate genes were validated by quantitative analyses in distinct embryogenic lines with lower embryogenic ability.

Differences were observed in the relative expression of regulatory genes, that allowed the identification of a Myb TF likely associated to the distinct embryogenic capacity of the lines (Figure 6). These findings points to that the functional dissection of the hub gene networks can provide valuable knowledge for improving the maturation of somatic embryos.

As the availability of organic N is strongly connected with the growth and development of forest trees (Castro-Rodriguez et al., 2016; Cánovas et al., 2018), metabolic pathways related to amino acid metabolism were also selected for validation analysis. Moreover, several key enzymes of amino acid metabolism, such as N-acetyl glutamate kinase (Huang et al., 2017), prephenate aminotransferase (Pagnussat et al., 2005) and arogenate dehydratase (El-Azaz et al., 2018), have been shown to be essential for embryo development.

The biosynthesis of arginine occurs in plastids from glutamine and glutamate via a cyclic pathway leading to ornithine synthesis and a linear pathway converting ornithine to arginine. The whole pathway is regulated by allosteric inhibition of N-acetylglutamate kinase (NAGK) and ornithine transcarbamylase (OTC) by arginine (Llebrés et al., 2018b; Urbano-Gámez et al., 2020). However, when high levels of nitrogen (N) are available, the protein sensor PII interacts with NAGK to relieve this feedback control, increasing the metabolic flux through the pathway for N storage (Llaìcer et al., 2008). Two isoproteins of PII, PIIa, and PIIb, have been described in maritime pine, with PIIa being the predominant form in developing embryos (Llebrés et al., 2020). Compared to zygotic embryos, the enhanced expression of ASS and ARG genes in somatic embryos (Figure 7) is consistent with the simultaneous synthesis and degradation of arginine, as previously suggested (Pérez-Rodríguez et al., 2006; Llebrés et al., 2018b). However, other metabolic destinations for arginine such as nitric oxide, polyamines, or as precursor in proline metabolism, cannot be ruled out (Urbano-Gámez et al., 2020). Furthermore, the results also correspond to the increased ammonium reassimilation by GS1b for glutamine and asparagine biosynthesis (Cánovas et al., 2007). In fact, the release of urea and ornithine through the action of ARG and subsequent catabolism, in coordination with the activity of P5CDH, could provide not only ammonium but also glutamate for GS1b activity (Cañas et al., 2008). Asparagine is also important in N storage and mobilization in pine (Canales et al., 2012), and the observed decrease in the abundance of ASPG transcripts is consistent with the homeostasis of asparagine (Van Kerckhoven et al., 2017; Figure 7).

Another source of ammonium to be reassimilated by GS1b would be the deamination of phenylalanine for the biosynthesis of phenylpropanoids (Craven-Bartle et al., 2013; Pascual et al., 2016), a metabolic pathway highly induced in somatic embryos. The downregulation of ADH in the embryogenic lines suggests that tyrosine biosynthesis is not operative, and therefore, most of the arogenate from the shikimate pathway is channeled to phenylalanine biosynthesis. The existence of a more complex secondary metabolism in conifers (Warren et al., 2015) with more genes involved in phenylalanine utilization has been suggested to be correlated with a more complex family of ADT/PDT enzymes in plants (El-Azaz et al., 2016). In fact, the ADT gene family is in pine represented by more members than in angiosperms (El-Azaz et al., 2016, 2020). ADT-F and particularly ADT-G were downregulated in all the embryogenic lines (Figure 8). ADT-F is a conifer-specific gene of unknown function; however, ADT-G is an ortholog of ADT2, an essential gene for seed development in Arabidopsis (El-Azaz et al., 2018). As ADT-G encodes a bifunctional enzyme exhibiting ADT and PDT activities (El-Azaz et al., 2016), these results suggest that the phenylpyruvate pathway would be blocked, and therefore, the biosynthesis of phenylalanine would take place preferentially through the arogenate pathway. While ADT-G is strongly regulated by feedback control of its reaction product, other members of the ADT family are deregulated and therefore able to produce massive levels of phenylalanine which are channeled for increased phenylpropanoid biosynthesis (El-Azaz et al., 2020, 2021). The induction of PAL, 4CL, CSE, and CAD genes in the embryogenic lines is consistent with the above hypothesis. This induction can be considered a response to changes in the abiotic environment that is likely mediated by increased biosynthesis of diverse secondary metabolites, as previously reported in woody plants (Berini et al., 2018), including during conifer embryogenesis [reviewed in Trontin et al. (2016c)]. Compared to the ZE embedded in the maternal megagametophyte which supplies nutrients and growth regulators in a dynamic way, the spatio-temporal culture environment of somatic embryos appears to be much more static and subjected to abiotic stress effects, in particular oxidative stress.

In summary, global analysis of transcriptome dynamics revealed striking differences in gene expression during late embryogenesis of somatic and zygotic embryos. Differentially regulated genes were clustered in different gene modules, and gene regulatory networks were identified and validated. Several embryogenic lines displayed changes in the regulation of metabolic pathways involved in amino acid biosynthesis, suggesting a reprogramming of N metabolism during SE in maritime pine.
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Plant regeneration occurs when plants repair or replace damaged structures based on the totipotency and pluripotency of their cells. Tissue culture is one of the most widely used regenerative technologies. Recently, a series of breakthroughs were made in the study of plant regeneration. This review summarizes two regenerative pathways in tissue culture: somatic embryogenesis and de novo organogenesis. Furthermore, we review the environmental factors influencing plant regeneration from explant sources, basal culture medium, plant growth regulators, and light/dark treatment. Additionally, we analyse the molecular mechanisms underlying two pathways. This knowledge will promote an understanding of the fundamental principles of plant regeneration from precursor cells and lay a solid foundation for applying plant micropropagation and genetic modification.
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INTRODUCTION

An entire plant can be regenerated from an adult tissue or organ, a mass of unorganized calli, or even a single cell in a process referred to as plant regeneration. Plant regeneration refers to the physiological renewal, repair, or replacement of tissue in plants (Ikeuchi et al., 2016). The totipotency or pluripotency of plant cells underlies the ability of plants to regenerate, reflecting the high plasticity of cell fate. Totipotency refers to the ability of a cell to differentiate into a complete individual, whereas pluripotency involves the differentiation of a specific group of tissues or organs from a cell (Verdeil et al., 2007). The concept of tissue culture was proposed as early as a century ago and envisaged the regeneration of whole plants from somatic cells in vitro (Haberlandt, 1902). The tissue culture system has matured since the historical discovery that different concentration ratios of auxin and cytokinin (CK) are critical to regenerating adventitious roots and shoots (Skoog and Miller, 1957). Steward et al. (1958) successfully regenerated new somatic embryos and subsequently developed roots and shoots by using isolated phloem cells from carrot roots, which confirmed the totipotency of plant cells. Since then, tissue culture technology based on regenerative ability has been extensively used in various fields, including basic research, micropropagation, and transgenic breeding.

The ability of plant regeneration is affected by multiple factors, including use of a plant growth regulator (PGR; Çabuk and Özgen, 2016; Gerdakaneh et al., 2020), the composition of basic medium (Sundararajan et al., 2017; Chimdessa, 2020), and explant type (Dhar and Joshi, 2005; Minutolo et al., 2020). Importantly, plant tissue culture presents strong species dependence and genotype specificity. Some plants, such as tobacco (Nicotiana tabacum), Arabidopsis thaliana, and rice (Oryza sativa), can be easily regenerated in vitro, whereas other plants, such as soybean (Glycine Max), wheat (Triticum aestivum), and maize (Zea mays), are more difficult to regenerate. Moreover, Japonica varieties show a higher capacity for callus formation than Indica varieties in rice (Abe and Futsuhara, 1986). The tissue culture capacities of hybrid lines are higher than those of inbred lines in maize (Duncan et al., 1985). Clarifying the regulatory network and genetic control of plant-regeneration ability in tissue culture is helpful to improving plant-regeneration rates and genetic transformation efficiency.

Therefore, this review discusses two pathways of plant regeneration in tissue culture: somatic embryogenesis and de novo organogenesis. We then describe how environmental factors affect plant regeneration from the aspects of explant sources, basal culture medium, PGRs, and light/dark treatment. Importantly, we describe the molecular mechanisms that regulate somatic embryogenesis from three levels: transcription factors, hormone signalling, and epigenetic regulation. Furthermore, we elaborate on the molecular mechanisms underlying pluripotent callus formation, de novo root organogenesis, and de novo shoot organogenesis. This review provides insight into how plants regenerate from explants and important cues for plant micropropagation and genetic modification.



PATHWAYS OF PLANT REGENERATION IN TISSUE CULTURE

Regeneration pathways in seed plants can be divided into tissue repair, somatic embryogenesis, and de novo organogenesis. The first pathway concerns how young plant tissues, such as root or leaf tips, repair injured parts and is often used in plant-cutting propagation techniques (Xu and Huang, 2014). In tissue culture, plants are regenerated mainly by somatic embryogenesis and de novo organogenesis (Hill and Schaller, 2013).


Somatic Embryogenesis

In somatic embryogenesis, plant somatic cells undergo dedifferentiation into embryonic stem cells and then by way of embryonic development form complete plants, signifying that plant cells are totipotent by virtue of the embryogenic callus (Zimmerman, 1993; Verdeil et al., 2007). Somatic embryogenesis leads to an exchange in cell fate from a somatic cell back into an embryonic stem cell. Dedifferentiation through this pathway is usually accomplished under stress conditions, hormonal induction (e.g., auxin), or gene expression modification (Jiménez and Thomas, 2006; Fehér, 2015; Horstman et al., 2017). Somatic embryos can be directly induced from individual somatic cells or indirectly generated from embryonic callus (Yang and Zhang, 2010; Horstman et al., 2017).

Indirect somatic embryogenesis is the most common pathway, especially in crop plants, and starts with the embryonic callus (an unorganized cell mass; Figure 1A). Embryonic callus induction is followed by the formation of proembryonic masses on the surface or within the callus mass, from which single cells or cell clusters develop into somatic embryos (Toonen et al., 1994). Under appropriate conditions, somatic embryos can develop into shoots and roots (Figure 1A). In the case of maize (Rakshit et al., 2010), embryonic callus can be induced to form from explants, such as immature embryos and shoot tips, in a callus-inducing medium containing a high level of auxin and a low level of CK. When transferred to a shoot-inducing medium (SIM) containing a high level of CK and a low level of auxin, embryonic callus differentiates into shoots. For root regeneration, root-inducing medium containing some auxin without CK is required for incubating embryonic callus.
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FIGURE 1. Different pathways of plant regeneration. (A) Somatic embryogenesis. In the direct pathway, the somatic cell originated from explants (e.g., a leaf) is induced to form the somatic embryo, which subsequently drives the development of the whole plant. In the indirect pathway, the explant (e.g., an immature embryo) is induced to initiate the embryonic callus, on which somatic embryos are formed to subsequently develop shoots and roots. (B) De novo organogenesis. In the direct pathway, shoots and roots are induced directly on the stem with pre-existing meristems. In the indirect pathway, pluripotent callus is produced around the wound in a leaf explant, with formation of shoots and roots subsequently induced.


Unlike the formal pathway, direct somatic embryogenesis lacks the callus phase and is less well defined (Figure 1A). In this system, the explant exhibits a more regular compact cell division and is less prolific (Horstman et al., 2017). The individual somatic cell in one or more cell layers divides and bulges under appropriate conditions to develop into a morphologically recognizable new embryo capable of developing into a whole plant (Fitch and Manshardt, 1990; Xu and Huang, 2014; Figure 1A). For example, constitutive expression of the morphogenic transcription factors BABY BOOM (BBM) and WUSCHEL (WUS)2 in maize resulted in rapid formation of abundant somatic embryos on the scutella (Lowe et al., 2018). These somatic embryos could then be directly germinated into plants without the callus phase.

Direct and indirect somatic embryogenesis pathways can occur in the same explant, but the periods of obtaining regenerated plants differ (Zhang et al., 2021). Compared with the direct somatic embryogenesis pathway, the indirect pathway has a longer period to regenerate plants due to the callus-induction process. Therefore, the indirect somatic embryogenesis pathway is frequently associated with somaclonal variation (Miguel and Marum, 2011; Bahmankar et al., 2017). However, the indirect somatic embryogenesis pathway results in more regenerated plantlets than the direct pathway due to the plentiful proliferation of callus (Gaj, 2011). Therefore, if the goal is rapid regeneration of plants, the direct pathway is more efficient than the indirect pathway. However, for species in which explants are difficult to obtain or situations where many regenerated plants are desired, the indirect pathway is the better choice.



De novo Organogenesis

De novo organogenesis refers to the regenerative process that does not use a somatic embryo but rather the differentiation of the meristematic centre, reflecting the pluripotency of plant cells (Lardon and Geelen, 2020). Plant-regenerative mechanisms, such as de novo organogenesis, result in regenerating adventitious roots and/or adventitious shoots in vitro or from injured plant organs, with this frequently occurring in nature (Duclercq et al., 2011). The regeneration process of adventitious shoots and roots is referred to as de novo shoot organogenesis and de novo root organogenesis. Like somatic embryogenesis, de novo organogenesis can also be categorized as either a direct or indirect regeneration pathway (Figure 1B). As with somatic embryogenesis, shoots or roots are directly induced from pre-existing meristems or injured organs under advisable conditions (Sang et al., 2018; Figure 1B). Cutting-propagation technology is based on the direct de novo organogenesis used to regenerate organs. During indirect de novo organogenesis, cells undergo dedifferentiation and plant growth regulators stimulate cell division (Sugimoto and Meyerowitz, 2013), after which additional dedifferentiated cells are induced with further culture time and ultimately generate pluripotent callus (Figure 1B). When all conditions are met, the pluripotent callus undergoes physiological and biochemical changes, resulting in different cell-division positions and directions (Wang et al., 2011; de Almeida et al., 2015). De novo shoot organogenesis and de novo root organogenesis are initiated using different combinations of auxin and CK (Street and Henshaw, 1966).

The essential difference between de novo organogenesis and somatic embryogenesis is the absence of somatic embryo formation, whereas both pathways include direct and indirect methods of regeneration (Figure 1). The callus is formed in the two indirect methods, but the characteristics of the callus differ. Somatic embryogenesis leads to embryogenic callus with totipotency and subsequent development into a somatic embryo, whereas de novo organogenesis induces non-embryogenic callus with pluripotency (Yumbla-Orbes et al., 2017; Shin and Seo, 2018; Fehér, 2019). Moreover, indirect de novo organogenesis can result in genetic instability and somaclonal variance similar to somatic embryogenesis (Vitamvas et al., 2019). Organ production directly from explants is a time-saving method but unsuitable for transgenic research due to the production of chimeric shoots containing both transformed and untransformed cells (Firoozabady and Moy, 2004). Many studies have reported the induction of embryonic tissue from immature seeds or embryos of cereal crops, suggesting that somatic embryogenesis is restricted to a certain time of year (Malik et al., 2004; Jones et al., 2019). However, the material used for organogenesis is multiplicative and seasonally flexible. Additionally, for some organs or tissues that are easy to induce de novo organogenesis, it might be difficult to develop somatic embryos. Therefore, two pathways are occasionally combined to enhance the frequency of plantlet regeneration in a giving species for commercial marketplace or scientific research (Abe and Futsuhara, 1986).




ENVIRONMENTAL FACTORS AFFECTING PLANT REGENERATION


Explant Sources

Although all plant cells have the totipotential to regenerate entire plants, the ease in expression of that capacity varies in plant species and varieties, even in cells of the same plant (Table 1). For example, only a part of maize stock is capable of plant regeneration in tissue culture. These include a few self-inbred lines, F1 hybrids, and open-pollinated hybrids (Hibberd, 1984; Hodges et al., 2012). A previous study tested 101 maize self-inbred lines to examine the ability of plant regeneration, finding that only 49% were able to regenerate whole plants, with 97% of the hybrids producing callus capable of plant regeneration having at least one regenerable parent (Duncan et al., 1985). Another study evaluated a total of 113 tropical maize inbreds for tissue culture response, revealing that only 42 had the ability of embryonic callus induction (Carvalho et al., 1997). Moreover, the tissue culture capacities of hybrid lines are higher than those of inbred lines, although until recently, it remained difficult to explain this fact. Furthermore, conditions favourable for plant regeneration in one cultivar can sometimes be inadequate to grow plants in another cultivar of the same species (Ali et al., 2007; Satish et al., 2016).



TABLE 1. Environmental factors and molecular mechanisms affecting plant regeneration in tissue culture.
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The age of explants is another factor that affects plant regeneration in tissue culture (Table 1). Although every living cell can regenerate entire plants, most studies use cells or tissues with active growth and vigorous physiological metabolism as explants (Hoque and Mansfield, 2004). Among the explants used in tissue culture, the most widely used are immature embryos, including in maize (Jones et al., 2019), rice (Rakshana et al., 2019), wheat (Kumar et al., 2017), barley (Hinchliffe and Harwood, 2019), and other important cereal crops. Immature inflorescences are also suitable explants for sorghum (Chou et al., 2020), wheat (Mahmood and Razzaq, 2017), and barley (Saeedpour et al., 2021). Moreover, immature cotyledons and hypocotyl segments excised from seedlings are often utilized for medicinal plants, such as Pterocarpus marsupium (Husain et al., 2010), Cassia angustifolia (Parveen and Shahzad, 2014) and Santalum album L. (Akhtar and Shahzad, 2019). Additionally, embryogenic callus was successfully induced from young leaves in wheat (Yu et al., 2012), sorghum (Wernicke et al., 1982), and rye (Haliloglu and Aydin, 2016), and other explants have also been reported, including root tips (Wang et al., 2021), shoot tips (Long et al., 2020), anthers (Han et al., 2021), and pollen (Cho and Zapata, 1988). Regardless of the explant, initial cell division begins at a young part near the cambium and vascular bundles. Explants in the juvenile-development phase are more regenerative and possess higher totipotency than those of adult explants (Lee et al., 2020). For example, a study investigating the frequency of embryonic callus induction among different ages of maize seedlings found a higher frequency of embryonic callus induction for seedlings that were between 2- and 6-cm long than for longer seedlings (Long et al., 2020). Moreover, reports indicate that differences in endogenous hormones and nutrients in various parts of explants may explain the differences in regenerative abilities (Bhaskaran and Smith, 1990; Saeedpour et al., 2021), with variations in endogenous hormones also affecting the demand for exogenous hormones in tissue culture.



Plant Growth Regulators

Exogenous hormones, especially auxin, CK, and other PGRs, play an important role in plant somatic embryogenesis and de novo organogenesis (Jiménez, 2005; Schwarz and Beaty, 2018; Table 1). Plant regeneration in vitro depends on the addition of exogenous hormones and the response to these hormones during tissue culture (Bernula et al., 2020). Generally, the response of explants to PGRs comprises three stages: (1) cultured explant cells perceive plant hormone signalling to induce subsequent dedifferentiation; (2) due to the influence of plant hormone balance, the differentiation instructions for specific cells in plant tissue are given, laying the foundation for the subsequent differentiation of specific organs; and (3) plant morphogenesis occurs independent of exogenous hormones (Ye et al., 2012). Although somatic embryogenesis is initiated by exogenous auxin, its further occurrence does not require auxin. A possible reason is that exogenous auxin promotes the synthesis of endogenous auxin, with the resulting increases in endogenous auxin promoting regeneration (Michalczuk et al., 1992; Nic-Can and Loyola-Vargas, 2016).

Auxin is the most important determinant of somatic embryogenesis for many species in tissue culture. Exogenous auxin promotes callus formation from cultured materials by inducing the production of endogenous precursors of ethylene synthesis, including 1-aminocyclopropane-1-carboxylic acid (Singla et al., 2007). 2,4-Dichlorophenoxyacetic acid (2,4-D), a synthetic auxin, is widely used in many species, especially cereal crops and medicinal plants. Gaj (2004) reported that in >65% of experiments, 2,4-D was used alone or combined with other hormones. The concentration of 2,4-D affects callus formation, and the optimal concentration varies for different species or tissues. The general principle is that a low concentration promotes embryonic callus formation, whereas a high concentration inhibits its formation. For most Poaceae spp. 2 mg/l of 2,4-D is optimal to induce embryonic callus formation (Wang et al., 2008; Çabuk and Özgen, 2016), and 5–10 μm 2,4-D is suggested for somatic embryos induction in many medicinal plants (Husain et al., 2010; Parveen and Shahzad, 2014). However, there is no need to add 2,4-D to medium after the embryonic callus develops into an embryoid and regenerates seedlings, suggesting that the effect of 2,4-D is promoted during embryogenic callus induction and inhibited during embryogenic callus development into a complete plant (Singla et al., 2007; Parveen and Shahzad, 2014). Additionally, different concentrations of auxins, such as indole-3-acetic acid (IAA) and α-naphthalene acetic acid, also play an important role in promoting the differentiation of adventitious roots in tissue culture (Nissen and Sutter, 1990; El-Sherif, 2018).

CK is the most widely used PGR in adventitious shoot induction and initiation of somatic embryogenesis in tissue culture. De novo shoot regeneration requires cell proliferation involving the activation of cell mitosis. CK affects competent cells in the shoot-regeneration process, leading to cell-mass generation and cell-fate transformation. CK can induce adventitious shoots alone and cooperates with auxin to reinforce proliferation in chosen cells (Cortleven et al., 2019). Skoog and Miller (1957) proposed that a high CK-to-auxin ratio stimulates shoot formation, whereas roots are formed when the ratio is low. To date, the golden hormone-regeneration pattern has been a guiding determinant of the fate of explants in vitro. In addition to inducing shoot regeneration, CK also initiated somatic embryogenesis. It was reported that MS medium containing 6-benzyladenine alone could induce high frequency of somatic embryo differentiation in S. album L. (Akhtar and Shahzad, 2019). Moreover, the effects of PGRs, such as abscisic acid (ABA) and gibberellin (GA), on plant regeneration have also been reported (Nishiwaki et al., 2000). The addition of GA to the medium promotes germination and differentiation of immature embryos, which inhibits somatic embryo development. Ge et al. (2016) reported that the maize transcription factor MYB138 promotes somatic embryogenesis by inhibiting GA signal transduction.



Basal Culture Medium

Several types of culture media, including Murashige and Skoog (MS), N6, Woody Plant Medium (WPM), and B5, are used for callus induction and shoot differentiation and significantly influence plant regeneration in tissue culture (Table 1); however, different species or tissues may also require different basal medium. A previous study reported more prolific callus formation and higher shoot differentiation on MS medium than on B5 medium during plant regeneration from Easter lily (Lilium longiflorum L. cv. Ace) ovary tissues (Ramsay et al., 2003). However, N6 medium induced higher percentages of callus and green plants than did MS medium for rice (O. sativa; Sundararajan et al., 2017). For Indian siris (Albizia lebbeck), the WPM medium achieved the highest primary somatic embryoids development, whereas enhanced maturation of primary somatic embryoids occurred on MS medium (Saeed and Shahzad, 2015). During the conversion of somatic embryos into plantlets, a half strength MS medium performed better than other media in many medicinal plants (Sahai et al., 2010; Parveen and Shahzad, 2014; Saeed and Shahzad, 2015). Additionally, the carbon source is a vital component affecting plant regeneration in culture medium (Table 1). Sugar provides energy for the culture and represents the main regulator of the permeation environment, with glucose, sucrose, and maltose most often used in plant tissue culture. Small molecules of sugar can penetrate into living cells and dehydrate somatic embryos, thus promoting somatic embryo maturation (Kaviani, 2011). Moreover, a low sucrose concentration during somatic embryogenesis is advantageous to somatic embryo formation (Yaseen et al., 2013; Long et al., 2020). However, Malik et al. (2017) found that maltose resulted in maximal callusing and regeneration percentage as compared with other carbon sources for mature wheat embryos. Furthermore, compared with glucose and sucrose, maltose may more effectively inhibit the browning of plant cells. Other components, such as mannitol and metal ions, added to the culture medium can also affect the regeneration ability of explants (Simonović et al., 2021).



Light/Dark Treatment

Under light conditions, phenolic compounds in explants will be oxidized by polyphenol oxidases, and the tissue will turn brown. The oxidation products can darken tissues and inhibit the activity of various proteins, with a potentially adverse effect on the formation of somatic embryos (Bhatia and Bera, 2015). Therefore, callus initiation, maintenance, and maturation require dark conditions in plant for many species. A previous report indicated that light reduces endogenous CK and auxin levels in plants by degrading auxins (Zenser et al., 2001). In this regard, darkness may help maintain a high auxin-to-CK ratio to support callus formation in explants. Additionally, dark conditions can lead to thinner cell walls and lower cell-wall deposits, thereby facilitating the entrance of PGRs into cells (Dai and Castillo, 2007). However, some studies have shown that light can promote callus formation by upregulating the expression of somatic embryogenesis marker genes, such as WUS, BBM, and leafy cotyledon 2 (LEC2; Siddique and Islam, 2015; Yu et al., 2019).

For shoot and root regeneration, a 16-/8-h photoperiod is generally required (Table 1). The frequency and speed of shoot initiation are higher under light conditions for maize regeneration (Li et al., 2002). A previous report showed that light might stimulate apical meristem differentiation by maintaining an optimal CK-to-auxin ratio, with low light intensity (~30–60 μmol m−2 s−1) preferable for shoot and root differentiation (Farhadi et al., 2017). Moreover, a recent study showed that light-emitting diodes (LEDs), which can regulate the level of photomorphogenic radiation necessary for plant morphogenesis, can be excellent substitutes for traditional cool-white fluorescent lamps (Bidabadi and Jain, 2020). Furthermore, LEDs are associated with cellular redox balance and involved in antioxidative metabolic activities during in vitro plant regeneration (Gupta and Karmakar, 2017).




MOLECULAR MECHANISMS OF SOMATIC EMBRYOGENESIS

Theoretically, somatic embryogenesis is a typical dedifferentiation process in which differentiated somatic cells are returned to the state of totipotent embryonic stem cells. Dedifferentiation is the basis of totipotency and regeneration in multicellular organisms. Recent research suggests that somatic embryogenesis is a complex process involving transcription factors, hormone signalling pathways, and epigenetic regulation (Figure 2).
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FIGURE 2. Molecular mechanisms of somatic embryogenesis. The somatic embryogenesis process is influenced by epigenetic regulation, transcription factors, and hormone signalling pathways. Epigenetic regulation, including DNA methylation and histone modifications, repress transcription factor access to gene-promoter regions, thereby inhibiting the expression of genes involved in somatic embryogenesis. Many transcription factors (green ovals) are involved in this regulatory network and also regulate each other and activate downstream auxin and CK signalling pathways. Additionally, miR-160 and miR-165/-166 are involved in regulating somatic embryogenesis.



Transcription Factors

Several transcription factors have been identified as essential regulators of the somatic embryogenesis process (Figure 2; Table 1). Fusca 3 (FUS3), LEC2, and abscisic acid insensitive 3 (ABI3), encode plant-specific B3-domain-containing proteins that are members of the AFL subfamily of transcription factors (Parcy et al., 1994; Luerßen et al., 1998; Stone et al., 2001). These genes/proteins together with LEC1-encoded CCAAT-binding transcription factors harbouring a HAP3 subunit form LAFL complexes (Lotan et al., 1998; Lepiniec et al., 2018). Overexpression of each of these genes promotes the formation of somatic embryos or embryonic traits in somatic tissues in the absence of additional hormones (Xu and Huang, 2014). The expression of LAFL genes is regulated by epigenetic factors, hormone signalling, and other transcription factors, such as BBM (Salaün et al., 2021). LEC2 and agamous-like 15 (AGL15) encode a MADS-box transcription factor that controls each of their respective expression in a regulatory feedback loop that also regulates the expression of the auxin-responsive protein gene IAA30, a primary factor in auxin signalling (Heck et al., 1995; Sato and Yamamoto, 2008). Additionally, LEC2 induces the expression of other auxin-related genes (IAA1, IAA17, and 1-aminocyclopropane-1-carboxylate synthase 4), as well as those encoding key enzymes involved in auxin biosynthesis, such as tryptophan aminotransferase of Arabidopsis 1 (TAA1) and YUCCA (YUC) genes (YUC1, YUC2, YUC4, and YUC10; Braybrook and Harada, 2008; Wójcikowska et al., 2013; Horstman et al., 2017). The BBM transcription factor upregulates the expression of LAFL genes and AGL15 during the somatic embryogenesis process, and LAFL proteins regulate BBM expression (Horstman et al., 2017), with BBM overexpression promoting callus proliferation and formation of somatic embryos (Salaün et al., 2021).

The WUS homeobox-containing transcription factor is involved in regulating embryonic cell fate by inducing the vegetative-to-embryonic transition (Jha et al., 2020). Overexpression of WUS promotes somatic embryo production without requiring the addition of hormones in Arabidopsis (Zuo et al., 2002) and upregulates LEC1, LEC2, and AGL15 expression during somatic embryogenesis (Jha et al., 2020; Figure 2; Table 1). Wus-related homeobox (WOX) genes encode similar sequences to the WUS homeodomain and a specific WUS box downstream of the homeodomain (Haecker et al., 2004). WOX proteins perform an essential role in early embryonic patterning (Salaün et al., 2021), and overexpression of WOX9 results in improved efficiency in somatic embryogenesis by increasing the levels of AGL15 and AGL8 (Tvorogova et al., 2019). Additionally, WOX5 is regarded as a marker of dedifferentiation based on its significant upregulation from the early stage of somatic embryogenesis (Orłowska and Kępczyńska, 2018).

Wound-induced differentiation 1 (WIND1), which encodes another APETALA2/ethylene-responsive element-binding factor transcription factor, induces the acquisition of regeneration competency (Iwase et al., 2011); however, it is not directly involved in promoting somatic embryo formation, although it does play a role in the induction of callus in the indirect somatic embryogenesis pathway. Similar to WUS, WIND1 acts upstream of LEC2 during regeneration (Iwase et al., 2015). Compared with LAFL proteins, WUS and WIND1 induce somatic embryogenesis through a different hormone pathway (Figure 2; Table 1) and are mainly involved in CK-specific responses rather than auxin biosynthesis and signal transduction (Horstman et al., 2017). Specifically, WUS represses negative regulators [type-A Arabidopsis response regulator (ARR) genes] of CK response, whereas WIND1 stimulates the expression of positive regulators (type-B ARR genes) of CK response (Leibfried et al., 2005; Iwase et al., 2011).

Somatic embryogenesis receptor-like kinase (SERK) belongs to the RLK gene family, and as the first key gene screened in a carrot hypocotyl regeneration study, it regulates the transition from somatic cells to embryonic cells (Schmidt et al., 1997). Studies show that single cells expressing SERK can develop into regenerative somatic embryos, with regenerative somatic cells and zygotic embryos demonstrating the same signal transduction pathway. SERK genes were subsequently cloned from Arabidopsis (Hecht et al., 2001), rice (Hu et al., 2005), wheat (Singla et al., 2008), maize (Zhang et al., 2011), and other plants and showed higher expression levels in the embryogenic callus and maturation stage than in the non-embryogenic callus (Gulzar et al., 2020). In maize, ZmSERK1 and ZmSERK2 exhibit redundant functions in the initiation of embryonic cell formation and division and are regulated by auxin and CK (Zhang et al., 2011). Additionally, 2,4-D enhances ZmSERK1 and ZmSERK2 levels, which promote somatic embryogenesis, whereas the CK 6-benzyladenine reduces their respective expression, thereby inhibiting somatic embryogenesis (Zhang et al., 2011; Méndez-Hernández et al., 2019; Figure 2; Table 1).

Several other transcription factors are also critical for regulating somatic embryogenesis. PGA37/MYB118 and MYB115 promote somatic embryo formation by positively regulating the expression of lec1 (Wang et al., 2009). Additionally, LEC1-like, the most closely related subunit of LEC1, plays an important role in embryogenesis (Kwong et al., 2003). Furthermore, a double mutant of the genes viviparous1/ABI3-like 1 (VAL)1 and VAL2 exhibited embryo-like proliferations, suggesting that VAL1 and VAL2 negatively regulate somatic embryogenesis (Suzuki et al., 2006).



Hormone Signalling Pathway

Plant hormones, especially auxins and CKs, are key factors in the somatic embryogenesis pathway. Therefore, genes associated with hormone signalling pathways are likely to play an important role in that process (Figure 2; Table 1). The LAFL protein complex upregulates the expression of auxin-biosynthesis-related genes (TAA1 and YUC genes) and the auxin signalling gene IAA30, and WUS and WIND1 negatively and positively regulate type-A ARR and type-B ARR genes corresponding to CK responses. Additionally, polar auxin transport induces concentration gradients maximal necessary for plant development. Pin-formed (PIN) and AUX proteins achieve differential distributions by controlling auxin efflux and influx, respectively (Petrásek and Friml, 2009). Moreover, differential expression of AUX/IAA genes and auxin response factors (ARFs), the core components of the auxin signalling pathway, is related to induction of somatic embryogenesis (Quintana-Escobar et al., 2019; Wójcik et al., 2020). Furthermore, microRNA (miR)-165/-166 and miR-160 may contribute to auxin-related induction of somatic embryogenesis by targeting the HD-ZIP III family genes phabulosa/phavoluta (PHB/PHV), positive regulators of LEC2 expression, and ARF genes (ARF10, ARF16, and ARF17), respectively (Wójcik et al., 2017; Jin et al., 2020).



Epigenetic Regulation

Epigenetic regulation is key to maintaining somatic cell identity by suppressing the expression of embryo-specific genes (Figure 2; Table 1). DNA methylation and histone modification play an important role in regulating gene expression and determining cell fate (Méndez-Hernández et al., 2019). During callus formation, DNA methyltransferase activity regulates gene transcription. A previous study showed that mutation in methyltransferase 1 (MET1) results in decreased CG methylation and dysregulated expression of the auxin efflux carrier PIN1 engaged in polar auxin transport during somatic embryogenesis (Wójcikowska et al., 2020). Decreased methylation has been reported in SERK, LEC2, and WUS in the embryogenic callus (Karim et al., 2018). Additionally, studies revealed relatively lower levels of DNA methylation at CG, CHG, and CHH sequence contexts in association with MET1, chromomethylase 3 (CMT3), and domains rearranged methyltransferase 2 (DRM2) activities related to somatic embryogenesis and regeneration ability (Karim et al., 2018; Wójcikowska et al., 2020).

In addition to DNA methylation, histone modifications, including methylation, acetylation, and ubiquitination, also play an important role in regulating somatic embryogenesis. Polycomb repressive complex (PRC)1 and PRC2 are required to establish and maintain stable epigenetic suppression in response to developmental or environmental signals (Mozgova and Hennig, 2015; Figure 2; Table 1). PRC2 exhibits histone 3 lysine 27 trimethylation (H3K27me3) activity, and PRC2 mutation results in incomplete transition from embryo to seedling, disorderly cell division in seedlings, and formation of callus with embryo traits (Xu and Huang, 2014). PRC1 recognizes H3K27me3 alterations and promotes chromatin compaction via histone H2A lysine ubiquitination (Salaün et al., 2021). A recent study showed that PRC1 and PRC2 repress the expression of embryo-specific genes, including LAFL, AGL15, WOX5, BBM, and PIN1 (Duarte-Aké et al., 2019). Additionally, pickle (PKL), a member of the chromodomain helicase DNA-binding protein 3 family of chromatin ATPase remodelers, is another epigenetic factor that plays a key role in preventing somatic cells from producing embryonic traits (Ogas et al., 1999). Similar to PCR1 and PCR2, PKL represses the expression of embryonic genes, including LAFL genes, by promoting H3K27me3 alterations (Dean Rider et al., 2003; Aichinger et al., 2009; Figure 2). Furthermore, histone acetylation regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) plays a critical role in somatic embryogenesis (Tanaka et al., 2008; Figure 2). Trichostatin A, an HDAC inhibitor, upregulates the expression of genes related to embryogenesis, including LEC1, FUS3, and ABI3 (Tanaka et al., 2008).




MOLECULAR MECHANISMS OF DE NOVO ROOT ORGANOGENESIS


Formation of Pluripotent Callus

Pluripotent callus formation is initiated by the division of pericycle cells in the xylem pole in a process similar to lateral root initiation (Atta et al., 2009), with molecular factors participating in lateral root initiation also involved in pluripotent callus formation. During this process, some root meristem marker genes, including WOX5, scarecrow (SCR), short root (SHR), plethora (PLT)1, PLT2, and root clavata-homolog 1 (RCH1), are significantly upregulated (Atta et al., 2009; Figure 3; Table 1). WOX5, SCR, PLT1, and PLT2 are transcriptionally activated by HAT of the GNAT/MYST superfamily 1, which binds directly to their respective promoters to initiate acetylation (Kim et al., 2018). Additionally, the rapid induction of PLT3, PLT5, and PLT7 expression by auxin results in transcriptional regulation of PLT1 and PLT2 (Kareem et al., 2015). Moreover, WOX11 promotes pluripotency acquisition by activating the expression of lateral organ boundaries domain 16 (LBD16), which is activated via ARFs and promotes the expression of WOX5, PLT1, and PLT2 (Xu and Hu, 2020).
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FIGURE 3. Molecular mechanisms of de novo organogenesis in tissue culture. During the process of pluripotent callus formation or de novo root organogenesis (left panel), YUC-mediated auxin acts as a key regulator to activate WOX11/12, ARF7/19 and PLT3/5/7 expression, after which their translated products directly or indirectly promote the expression of genes, including WOX5, PLT1/2, SHR, SCR, and RCH1, to induce pluripotent callus or root apical meristem formation. During the process of de novo shoot organogenesis (right panel), two pathways (WUS-CLV3 and STM-CUC) establish negative-feedback loops and play critical regulatory roles. The WUS-CLV3 pathway is mainly regulated by DNA methylation, histone modification, and hormone signalling. CK activates the expression of type-B ARRs to stimulate WUS expression, whereas type-B ARRs repress YUC-mediated auxin biosynthesis. In the STM-CUC pathway, STM expression is promoted by CUC1 and CUC2, both of which have their expression upregulated by PLT3/5/7, ESR1, ESR2, WIND1, and PIN1. Moreover, WUS and STM interact directly to activate CLV3 expression, suggesting that the two pathways converge and coordinate to control shoot regeneration.




Molecular Mechanisms of Root Apical Meristem Formation

In tissue culture, de novo root organogenesis is induced by transferring pluripotent callus to root induction medium rich in auxin. In past years, the analysis of transcriptome, epigenome, and cell lineage in pluripotent callus has revealed that the formation of pluripotent callus and de novo root organogenesis share similar genetic pathways (Liu et al., 2014; Xu and Huang, 2014; Figure 3; Table 1). The de novo root organogenesis process can be divided into two steps: the transition of competent cells to root founder cells, which is marked by WOX11, and the switch of root founder cells to root primordium cells, which is marked by WOX5 (Liu et al., 2014). Inhibition of polar auxin transportation blocks the rooting process, suggesting that auxin is the key hormone that regulates de novo root organogenesis (Greenwood et al., 2001). Suppression of YUC genes (YUC1, 2, 4, 5, 6, 8, and 9) mediating auxin biogenesis inhibits the expression of WOX11 and prevents the fate transition of competent cells (Chen et al., 2016; Pan et al., 2019).

In the first step, auxin directly activates the expression of WOX11 and its homolog WOX12 (Sang et al., 2018; Figure 3; Table 1). During the next step, WOX11/12 promotes the expression of WOX5 and LBD16 responsible for activating the expression of WOX5, PLT1, and PLT2 (Sang et al., 2018). It was found that the transcription factor ethylene insensitive 3 (EIN3) strongly decreased the de novo root organogenesis rate by suppressing the transcription of WOX11 and WOX5 (Li et al., 2021; Figure 3; Table 1), and older explants showed increased EIN3 activity, which is in accord with the observation that younger organs possess a higher regeneration ability (Li et al., 2021). As mentioned above, auxin also induces PLT3, PLT5, and PLT7 expression, which subsequently regulate downstream root meristem marker genes. In addition to WOX11/12 and PLTs genes, the auxin response factors ARF7 and ARF19 target and activate the expression of LBD16 (Okushima et al., 2007). The Arabidopsis trithoprax-related 2 (ATXR2) protein can physically interact with ARF7 and ARF19. The complex catalyses H3K36me3 deposition at the promoter of LBD16 to promote its expression in the root regeneration process (Lee et al., 2018).



Molecular Mechanisms of de novo Shoot Organogenesis

After culturing on SIM rich in CK, the pluripotent callus continues to divide under CK-mediated actions, and cell populations gradually generate for subsequent differentiation, signifying the construction of the stem cell niche (Ikeuchi et al., 2019). Shoot stem cell homeostasis is maintained by two regulatory pathways: WUS-clavata 3 (CLV3) and shoot meristemless (STM)-cup-shaped cotyledon (CUC; Figure 3; Table 1). As the determining factor in the early stage of stem cell niche construction, WUS expression begins 2 to 3 days after SIM culture (Zhang et al., 2017), with initial expression of WUS marking the establishment of shoot-progenitor cells and representing the most critical molecular event in de novo shoot organogenesis. The regeneration ability of the WUS mutant is completely lost, whereas WUS overexpression results in ectopic formation of shoots, indicating that WUS is necessary for de novo shoot regeneration (Gordon et al., 2007). WUS promotes the expression of CLV3, which encodes a signal peptide, whereas CLV3 inhibits WUS expression in a negative-feedback loop that plays a key role in maintaining the stem cell population (Han et al., 2020). Similarly, STM is expressed throughout the shoot meristem and represses the expression of CUC1 and CUC2, whereas CUC1 and CUC2 activate STM expression to maintain the shoot meristem (Balkunde et al., 2017).

The WUS-CLV3 pathway is regulated by DNA methylation, histone modification, and hormone signalling (Figure 3). Mutations of MET1, CMT3, DRM1, and DRM2 result in loss or reduction in DNA methylation in the regulatory regions of the WUS promoter, which enhances WUS expression and the shoot-regeneration rate (Sugimoto et al., 2019). WUS gene promotes both somatic embryogenesis and de novo organogenesis (Figures 2, 3) so that the lower levels of DNA methylation at CG, CHG, and CHH sequence contexts in association with MET1, CMT3, DRM1, and DRM2 activities are beneficial for two pathways. In somatic embryogenesis pathway, H3K27me3 alterations prevent somatic cells from producing embryonic traits by repressing the expression of WUS gene. However, de novo shoot regeneration involves different histone modification sites at WUS. The abundance of markers of histone 3 lysine 9 acetylation (H3K9ac) and histone 3 lysine 4 trimethylation (H3K4me3) at WUS sites increases, whereas the abundance of inhibitory markers histone 3 lysine 9 di-methylation (H3K9me2) decreases during shoot regeneration (Li et al., 2011). By contrast, kryptonite, an H3K9 methyltransferase, and Jumanji-domain-containing 14, an H3K4 demethylase, are responsible for repressing WUS transcription, which decreases shoot production. However, HAC1, a HAT, and lysine-specific demethylase 1-like 3, an H3K4 demethylase, activated WUS transcription, which increased shoot production (Ishihara et al., 2019).

Additionally, the auxin and CK signalling pathways affect WUS expression. As transcriptional activators of CK signalling, type-B ARRs (ARR1, ARR2, ARR10, and ARR12) directly activate WUS expression following binding to its promoter (Zhang et al., 2017), while also suppressing YUC-mediated auxin accumulation to further promote WUS expression (Meng et al., 2017). Type-A ARRs (ARR5, ARR6, ARR7, and ARR15), as negative regulators of CK signalling, are directly regulated by type-B ARRs and interfere with the function of type-B ARRs, thereby creating a negative-feedback loop (Sugimoto et al., 2019). Furthermore, targeting of squamosa promoter binding protein-like (SPL) mRNA by miR-156 decreases regulation of the activities of type-B ARRs in an age-dependent manner (Zhang et al., 2015). In young explants, miR156 levels are elevated relative to those in adult explants and repress SPL expression, thus increasing type-B ARR activity and shoot-regeneration ability. Moreover, miR-165/-166 inhibits shoot regeneration by splicing and reducing the translation of mRNAs encoding proteins harbouring an HD-ZIP III domain, including PHB, PHV, and REVOLUTA (Shin et al., 2020). Argonaute 10 inhibits shoot regeneration by suppressing miR-165/-166 activity. Another study found that type-B ARRs interact with HD-ZIP III proteins to form transcription complexes that specifically activate WUS expression during the early stage of shoot regeneration (Zhang et al., 2017), and a recent study demonstrated that accurate spatial expression of WUS and CLV3 influences their function (Zhang et al., 2021). Specifically, a signalling pathway comprising ERECTA family receptors and epidermal-pattern factor-like ligands inhibits the expression of WUS and CLV3 in the periphery of the shoot apical meristem, confining them to the centre. These findings demonstrate that WUS expression is determined by multiple regulators in a complicated molecular network.

In the STM-CUC pathway, the negative-feedback loop between STM and CUC plays a critical role in regulating de novo shoot organogenesis (Figure 3; Table 1). CUC proteins are essential in establishing the shoot promeristem (Aida et al., 1999). Polar localisation of PIN1 induced by CUC determines the location of shoot progenitors, with the polarized upregulation of PIN promoting STM expression in the promeristem (Gordon et al., 2007) Additionally, PLT3, PLT5, and PLT7 upregulate CUC1 and CUC2 expression during shoot regeneration, with these PLT proteins controlling shoot regeneration via a two-step mechanism that first establishes competence by activating PLT1 and PLT2 expression during pluripotent callus formation. Moreover, PLTs regulate CUCs to accomplish regeneration (Kareem et al., 2015). In addition to PLTs, enhancer of shoot regeneration (ESR)1 and ESR2 act as upstream regulators of CUC genes during de novo shoot organogenesis by activating CUC1 expression by directly binding to its promoter (Ikeda et al., 2006; Matsuo et al., 2011). Notably, ESR1 expression is regulated by WIND1, which connects wound signalling to shoot regeneration (Iwase et al., 2017).

Both the WUS-CLV3 and STM-CUC pathways are essential for stem cell development during de novo shoot organogenesis. A recent study reported that the two pathways converge and coordinate through direct interaction between the WUS and STM proteins (Su et al., 2020; Figure 3; Table 1). Specifically, STM directly activates CLV3 expression by binding to its promoter at a different site from that of WUS. Additionally, WUS–STM interactions enhance WUS binding to the CLV3 promoter and activation of CLV3 transcription, suggesting that CLV3 is simultaneously regulated by WUS, STM, and their complex (Su et al., 2020; du and Homeostasis, 2020). Furthermore, STM activity is regulated by WUS activity in the shoot meristem (Lenhard et al., 2002; Su et al., 2020).




DISCUSSION


Application and Challenge

Plant-regeneration techniques in tissue culture have been used in many fields, including gene-function research, transgenic breeding, and rapid micropropagation. In gene-function research, multiple methods, including overexpression, gene knockout, and genome editing, rely on genetic transformation in plants. The embryogenic callus is the most widely used genetic transformation receptor in most species. For example, CRISPR-Cas9 promoter editing of maize Arabidopsis CLV3-LIKE genes enhanced grain-yield-related traits (Liu et al., 2021). However, only a few plant lines can establish an efficient transgenic system. Genotype has become the inhibitory factor in genetic transformation and gene-function verification. Therefore, understanding the mechanisms associated with embryogenic callus induction and plant regeneration can facilitate gene-function validation and research.

In addition to gene-function research, transgenic plant breeding is also based on genetic transformation. Compared with traditional breeding, transgenic technology can break the reproductive isolation between species, realize the precision improvement of certain genes, estimate offspring traits, and offer the advantages of accurate targeting and shorter breeding cycles (Gepts, 2002). However, genotype limitations to genetic transformation inhibit the development of transgenic plant breeding. In the case of maize transgenic breeding, most backbone lines used for commercial production are recalcitrant to transformation, resulting in the desirable gene needing to first be introduced into a few good transgenic receptors, followed by import of the desirable gene fragment into the target inbred line through successive backcrosses. Therefore, conventional maize breeding systems must undergo genetic transformation, successive self-pollinations, and backcrosses that require at least 3 to 6 years and greatly extends the maize transgenic breeding cycle. Hence, analysing the mechanism of plant regeneration can create more transgenic receptors, address genotype-specific limitations, and further accelerate the transgenic breeding process.

Micropropagation is among the most important plant tissue culture techniques because of its ability to rapidly multiply a selected plant with a minimal number of starting materials. Compared with conventional propagation by seeds or vegetative methods, micropropagation enables large-scale propagation of multiple plants, resulting in its wide use in research and commerce. Moreover, micropropagation is an efficient technology for preserving gene pools and genetic diversity in plants (Chokheli et al., 2020). Many endangered or rare species have been successfully propagated using micropropagation, including Artemisia hololeuca and Hyssopus angustifolius (Zayova et al., 2018; Chokheli et al., 2020). Furthermore, many high-demand medicinal plants have been mass-developed using micropropagation (Moraes et al., 2021). Efficient regeneration depends on an appropriate micropropagation protocol, including explant types, medium compositions, and culture conditions (Singh, 2015). Therefore, understanding the plant-regeneration mechanism promotes the use of effective protocols for plant micropropagation.




CONCLUSION AND FUTURE PERSPECTIVES

In this review, we discussed how regeneration happens through two different pathways (somatic embryogenesis and de novo organogenesis in tissue culture) and the environmental factors and molecular mechanisms affecting these two pathways. This information offers a reference for scientific research and technology development in this field.

Despite the extent of research and the remarkable advances made as a result, the mechanisms that regulate plant regeneration require further elucidation. Plant regeneration in vitro is a complex developmental process, with only part of this process currently understood and requiring additional study for a comprehensive and integral understanding. First, although the regulatory network involved in plant regeneration has been initially determined, how these players and signalling molecules coordinate the different stages of regeneration remains unclear. Second, although we understand that plant regeneration is regulated by complex networks of gene regulation and influenced by external environmental stimulation, the interaction between external and internal signals to achieve the dynamic balance of growth and development requires further investigation. Specifically, it is unclear how external signals selectively activate internal plant regulators. Therefore, future studies on regeneration mechanisms should explore the interaction between external environmental factors and internal signalling networks. In tissue culture, the traditional way to improve plant regeneration is to change external environmental factors; therefore, combining an understanding of molecular mechanisms with traditional methods to achieve targeted plant regeneration should be a focus of future research. Third, the factors that control plant regeneration have mainly been outlined in Arabidopsis; however, whether other plants exhibit the same molecular mechanisms remains unverified. Rapid micropropagation and genetic transformation of most important crops and medicinal plants remain difficult; therefore, a future developmental direction for plant-regeneration research might involve applying theoretical concepts of plant-regeneration mechanisms to agricultural practice in order to help establish efficient regeneration systems and promote the industrialisation of agricultural biotechnology. Finally, the computer modelling, based on integral understanding, might be a promising research direction in plant tissue culture. In future, we just input the genotype of the species, then select the explant sources and desired regeneration pathway, the computer may automatically design the culture conditions we need, such as the composition of the culture medium and the amount of PGRs. Or we tell computer the genetic information and environmental conditions used for a certain species, it might simulate the entire culture process and the expected outcomes. That would greatly accelerate the research process of plant tissue culture.
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In Norway spruce, as in many other conifers, the germination capacity of somatic embryos is strongly influenced by the desiccation phase inserted after maturation. The intensity of drying during desiccation eminently affected the formation of emblings (i.e., seedlings developed from somatic embryos). Compared to non-desiccated embryos, the germination capacity of embryos desiccated at 100% relative humidity was about three times higher, but the reduction of relative humidity to 95 and 90% had a negative effect on the subsequent embryo development. The water loss observed in these embryos did not lead to an increase in lipid peroxidation, as shown by malondialdehyde levels. Another metabolic pathway in plants that mediates a response to abiotic stresses is directed toward the biosynthesis of polyamines (PAs). The activities of PA biosynthetic enzymes increased steadily in embryos during desiccation at 100% relative humidity, whereas they decreased at lower humidity. The total content of free PAs in the embryos gradually decreased throughout desiccation. The increase in free putrescine (Put) and perchloric acid-insoluble Put conjugates was observed in embryos desiccated at lower humidity. These changes were accompanied to some extent by the transcription of the genes for the PA biosynthesis enzymes. Desiccation at 100% relative humidity increased the activity of the cell wall-modifying enzymes β-1,3-glucanases and chitinases; the activities of these enzymes were also significantly suppressed at reduced humidity. The same pattern was observed in the transcription of some β-1,3-glucanase and chitinase genes. Desiccation treatments triggered metabolic processes that responded to water availability, suggesting an active response of the embryo to the reduction in humidity. A positive effect was demonstrated only for desiccation at high relative humidity. Some of the physiological characteristics described can be used as markers of inappropriate relative humidity during somatic embryo desiccation.

KEYWORDS
somatic embryogenesis, Picea abies (L.) Karst, desiccation, polyamines, β-1, 3-glucanases, chitinases, germination


Introduction

Plants are commonly exposed to various environmental stresses (drought, high temperature, and cold) during their development. Optimal and efficient stress responses at different stages of plant development are prerequisites for a good plant survival strategy (He et al., 2018). In conifers, various stress treatments have a fundamental impact on seed germination and thus the yield and quality of seedlings. The study of embryo development facilitates the explanation of seed strategy during the pre-germination phase of development (Leprince et al., 2017) with the aim of optimizing cultivation protocols. However, the genetic diversity and seasonal development of temperate tree seeds complicate the research on the effects of stressors on zygotic embryo development. These problems can be overcome using somatic embryogenesis (SE) as an experimental system. It is important to note, that SE lacks megagametophyte and is very much influenced by artificial media and conditions applied. The cultivation conditions are, moreover, very different compared to the natural conditions of zygotic embryo development. Nevertheless, SE provides the possibility of studying the effects of selected factors prior to more complex studies of their combined effects.

Somatic embryogenesis is considered an advantageous technique for breeding programs and in vitro plant propagation, including conifers (e.g., Park, 2002; Egertsdotter et al., 2019). Under suitable conditions, a relatively high number of embryos can be obtained during all SE steps (i.e., induction, proliferation, maturation, and germination); however, optimal conditions differ among conifer species and among individual embryogenic lines. Qualities of mature embryos by means of both morphological and biochemical status influence germination frequency and limit embryo conversion to plants (Högberg et al., 2001; Le et al., 2021). The period of desiccation at high relative humidity, which is often interposed between maturation and germination, is stressful, but can still have a positive effect on embryo germination (Lelu et al., 1995; Find, 1997; Hay and Charest, 1999; Hazubska-Przybyl et al., 2015; Jing et al., 2017). Our recent integration analysis of embryos desiccated at high relative humidity showed changes in carbohydrates, phytohormones, and proteome (Eliášová et al., 2022), indicating both physiological maturation and accumulation of stress-related molecules. The beneficial effect of desiccation treatment is related to the intensity of drying, while the optimal humidity during desiccation varies among species and genotypes (Roberts et al., 1990, 1991; Attree et al., 1995; Dronne et al., 1997; Jones and Van Staden, 2001).

Drop in humidity during desiccation affects the dehydration of somatic embryos and thus the rate of osmotic stress. Osmotic stress is an important signal that promotes the transformation of somatic embryos from morphological maturity to physiological maturity (Liao and Juan, 2015) and controls embryo development toward germination and subsequent conversion to seedlings in many plant species (Von Aderkas and Bonga, 2000; Yakovlev et al., 2016), including conifers (Klimaszewska et al., 2016). In a model system of Picea abies SE, several protocols have been developed to achieve physiological maturity prior to germination. This can be achieved by desiccation treatment at high relative humidity (Eliášová et al., 2022) or by low temperatures (Tikkinen et al., 2018b).

In a model system of Picea abies SE several protocols for achieving pre-germination physiological maturity were developed, it can be achieved both by application of desiccation at high relative humidity treatment (Eliášová et al., 2022) or by low temperatures (Tikkinen et al., 2018b).

Dehydration induced by desiccation is associated with the production of reactive oxygen species (ROS), which are potentially harmful to all cellular components and negatively affect cellular metabolic processes (Van Breusegem et al., 2001; Mailloux and Harper, 2011). Consequently, antioxidant defense in embryos is activated by a complex of enzymatic and non-enzymatic systems that include low-molecular-mass antioxidants (e.g., ascorbate, glutathione), ROS scavenging enzymes (e.g., catalase, peroxidase, etc.), and polyamines (PAs). Among the osmotically active substances generated during dehydration, PAs play an important role (Vondrakova et al., 2010; Vondráková et al., 2015; Cvikrova et al., 2016; Salo et al., 2016; Eliášová et al., 2018; Chen et al., 2019). PAs are ubiquitous biogenic amines that are involved in various cellular functions in all organisms (Handa et al., 2018; Igarashi and Kashiwagi, 2019). It has been suggested that PAs may mitigate the damage caused by abiotic stress (especially drought) by contributing to osmotic adjustment, maintenance of membrane stability, scavenging of free radicals, and regulation of stress-responsive genes (Groppa and Benavides, 2008; Kusano et al., 2008; Velarde-Buendia et al., 2012; Alcázar et al., 2020). Biosynthesis of the three most abundant PAs – putrescine (Put), spermidine (Spd), and spermine (Spm) – is initiated in plants either by direct decarboxylation of ornithine by the enzyme ornithine decarboxylase (ODC; EC 4.1.1.17), or by decarboxylation of arginine by the enzyme arginine decarboxylase (ADC; EC 4.1.1.19) via agmatine and N-carbomoylputrescine intermediates. Another essential enzyme in PA synthesis is S-adenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50), which is required for the formation of the aminopropyl group in Spd and Spm (for a review, see Michael, 2016). In plant cells, PAs occur as free molecules, covalently bound to small molecules, especially hydroxycinnamic acids (conjugated PAs), or bound to high molecular mass substances such as hemicelluloses and lignin, and in small amounts to proteins (bound PAs; Igarashi and Kashiwagi, 2015; Mustafavi et al., 2018).

In addition to their important role in responding to stresses, PAs play a crucial role in embryo development, and their content is specific to developmental stages (Monteiro et al., 2002; Minocha et al., 2004; Silveira et al., 2004). Similar to PAs, some cell wall modifying enzymes such as β-1,3-glucanases (Dong and Dunstan, 1997; Doxey et al., 2007) and chitinases (Grover, 2012) have shown functional diversification from various cellular to stress responses (or vice versa). β-1,3-glucanases (EC 3.2.1.39) catalyze the cleavage of 1,3-β-D-glucoside bonds in β-1,3-glucans, a major structural component of fungal cell walls (Leubner-Metzger and Meins, 1999). In plants, β-1,3-glucans include callose, which is involved in various biological processes related to plant growth, development and stress responses (Chen and Kim, 2009). Chitinases (EC 3.2.1.14) primarily catalyze the hydrolytic cleavage of the β-1,4-glycoside bond of chitin. In addition, arabinogalactan proteins are hydrolyzed by plant chitinases (Van Hengel et al., 2002), and plant cell wall glycoproteins containing N-acetylglucosamine are also considered an endogenous substrate for chitinases (Dyachok et al., 2002). Most plant chitinases and β-1,3-glucanases are expressed as a defense mechanism during pathogen infection and wounding and they are representatives of two major protein families associated with pathogenesis (Sudisha et al., 2012). It is well documented that they are also involved in plant responses to abiotic stresses, e.g., osmotic, salt, cold, wounding, and heavy metal stresses (for review see, e.g., Balasubramanian et al., 2012; Vaghela et al., 2022). Cell wall composition and flexibility are important for cell differentiation during embryogenesis. In black pine SE, the correlation between the presence of certain chitinase or glucanase isoforms and the embryogenic potential of different embryogenic cultures has been described (Fráterová et al., 2013). The chitinase and β-1,3-glucanase genes are developmentally regulated during SE in Picea glauca, and chitinases also regulate differentiation of early somatic embryos in P. abies (Wiweger et al., 2003). A basic chitinase secreted by embryogenic tissues of Pinus caribaea acts on arabinogalactan protein extracted from the same cell line, thereby generating organogenesis factors (Domon et al., 2000). Chitinases are also involved in regulation of growth and development through programmed cell death; chitinase-mediated autolysis played a role in two waves of programmed cell death required during somatic embryo development in P. abies (von Arnold et al., 2005). Chitinases have been suggested as potential markers for the process of SE (Gulzar et al., 2020).

It has been described that β-1,3-glucanases play an important role in seed maturation and also later during germination when they initiate the rupture of the seed testa (Leubner-Metzger, 2005). However, they are also involved in the early stages of somatic embryo development. This may be related to the fact that the acquisition of embryogenic competence is influenced by the physical isolation of the cell from other cells, which can be achieved by the absence of plasmodesmatal contact (Bonga et al., 2010). The deposition and degradation of callose in the neck region of plasmodesmata is one of the cellular control mechanisms regulating their permeability (Zavaliev et al., 2011) and has been demonstrated in the embryogenic cells of several plants (reviewed in Namasivayam, 2007). The deposition of callose was more pronounced in lines producing somatic embryos than in blocked lines of Brazilian pine (Navarro et al., 2022).

Desiccation at high relative humidity (approximately 100%) is routinely used in conifer SE (Roberts et al., 1990; Bomal and Tremblay, 1999; Jing et al., 2017; Vondrakova et al., 2018). Recently, the beneficial effect of desiccation on achieving metabolic maturity of Norway spruce embryos has been demonstrated (Eliášová et al., 2022). The optimal levels of osmotic stress vary among conifer species and need to be tuned empirically. Here we exposed Norway spruce somatic embryos to lower humidity during the desiccation phase to reveal how germination and morphology of emblings are affected. We were interested in investigating possible indicators of osmotic stress during desiccation of embryos at reduced humidity, such as membrane peroxidation rate and accumulation of abscisic acid (ABA), but especially metabolism of PAs and activities of cell wall-modifying β-1,3-glucanases and chitinases. We were also interested in uncovering the level at which the presumed stress response is regulated and therefore we monitored the expression of relevant genes.



Material and methods


Plant material and stress application

In the first series of experiments, we investigated the importance of the desiccation step for the development of emblings from 12 embryogenic lines of Norway spruce [P. abies (L.) Karst]. Embryogenic cultures were induced in our laboratory in August 2020 from immature zygotic embryos. Induction, proliferation, and maturation proceeded under conditions described in Vagner et al. (2005) and Gemperlova et al. (2009). During proliferation the cultures were grown on GD media (Gupta and Durzan, 1986), solidified with 0.75% agar (Sigma–Aldrich, Steinheim, Germany). The pH was adjusted to 5.8 prior to autoclaving. The medium was supplemented with 0.21 mM cefotaxime (Sefotak, Valeant Czech Pharma, Prague, Czechia), 5 μM 2,4-dichlorophenoxyacetic acid (2,4-D), 2 μM kinetin, 2 μM 6- benzylaminopurine and 30 g/l sucrose (Duchefa, Haarlem, Netherlands). All phytohormones and organic components other than sucrose were diluted separately. The solutions were then filter-sterilized and added to cooled autoclaved media. The embryogenic cultures were maintained by weekly subculturing into Magenta vessels (Magenta corporation, Chicago, IL, United States) containing 40 ml of fresh medium. Cultures were kept in darkness at 24 ± 1°C.

In order to initiate the maturation, the cytokinins and auxin in media were replaced with 20 μM ABA (Sigma–Aldrich, Steinheim, Germany) and 3.75% polyethylene glycol 4000 (PEG, Sigma–Aldrich, Steinheim, Germany), pH was adjusted to 5.8 before autoclaving. ABA and all of the organic components, except sucrose, were separately prepared and diluted, filter-sterilized and added to the cooled, autoclaved media. The PEG solution was autoclaved separately and added to the medium after autoclaving. During maturation, the cultures were subcultured onto membrane rafts (Osmotek, Rehovot, Israel) in Magenta vessels with fresh liquid maturation medium at subcultivating intervals of 1 week. Cultures were kept in darkness at 24 ± 1°C for 5 weeks.

In the first series of experiments, morphologically fully mature somatic embryos were collected after 5 weeks of maturation, embryos were characterized by apical meristem surrounded with elongated cotyledons, hypocotyl and radicle with root apical meristem and the root cap, and with protoderm on the embryo surface, as described in Eliášová et al. (2018). Embryos were either immediately germinated or treated with high relative humidity desiccation. Desiccation treatment was performed according to Vondrakova et al. (2018). During this treatment, embryos were placed on the dry filter paper laid in open small dishes situated in large Petri dish (18 cm in diameter) with several paper layers wetted by sterile water. Large dishes were covered with lids, sealed with parafilm, and kept under a light regime of 12 h photoperiod (70 μM/m2/s) at 18 ± 1°C for 3 weeks. Under this setting, the relative humidity inside Petri dishes reaches near 100%. In all experiments, treatment of embryos under 100% humidity served as a control variant.

For germination, both groups of somatic embryos (immediately after maturation or desiccation treatment at high relative humidity) were placed into the Magenta vessels containing 1/4 strength GD (Gupta and Durzan, 1986) phytohormone-free medium solidified with 0.75% (w/v) agar (Sigma–Aldrich, Germany), and supplemented with 1% (w/v) sucrose and activated charcoal (0.4%; w/v). Cultivation was performed under a 12-h photoperiod at 24 ± 1°C (120 μM/m2/s). The development of the emblings was evaluated after 3 and 6 weeks, respectively. Images of 15–20 emblings of each variant and embryogenic line were acquired using a Nikon SMZ 1500 stereomicroscope and a Nikon DS-5M color camera (Tokyo, Japan). Images were processed using the NIS-Elements AR 3.2 analysis system (Laboratory Imaging, Prague, Czechia). The number of emblings that formed primary roots, emblings with formed terminal bud, and the number of malformed emblings were counted.

In the second series of experiments, the effect of drought stress during desiccation on development of embryos/emblings was tested using selected embryogenic lines of Norway spruce (AFO 541 from AFOCEL – France, and 6 lines induced in our laboratory). Induction, proliferation and maturation proceeded as described above. Morphologically fully mature somatic embryos (after 5 weeks of maturation) were subjected to different desiccation treatments. In the control variant, conditions of the treatment were the same as in the first series of experiments – filter paper layers in large Petri dishes, where embryos were deposited in small dishes, were wetted with sterile water (near 100% relative humidity). Lower humidity in Petri dishes was achieved when a supersaturated solution of Na2HPO4.12H2O (95% relative humidity) or a supersaturated solution of ZnSO4 (90% relative humidity) was used for paper wetting instead of water (Roberts et al., 1990). Because lower humidity was lethal to embryos when applied throughout the desiccation period (results not shown), the desiccation was divided into two phases. During the first half of desiccation (11 days), embryos were maintained under lower humidity; subsequently, the small Petri dishes with embryos were transferred to 100% relative humidity for the rest of desiccation (next 11 days). Control embryos were exposed to 100% relative humidity throughout the process (22 days). The conditions for subsequent germination were as described above. After 3 weeks of germination, the development of emblings was evaluated. Images of 15–20 emblings from each variant (treatment and genotype) were acquired using a Nikon SMZ 1500 stereomicroscope equipped with a Nikon DS-5M color camera. The length of roots, hypocotyls, and whole shoots was measured using a NIS-Elements image analysis system AR 3.2.

The samples for biochemical analyses were collected at the end of maturation (M), after 11 days of desiccation treatment (D), and at the end of desiccation treatment (ED). All samples were frozen in liquid nitrogen and stored at -80°C until analyses. The scheme of the second series of experiments is presented in Figure 1, where the sampling points and sample designations are shown.
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FIGURE 1
Design of the second series of experiments and sampling. Mature somatic embryos (5 weeks of maturation, M) were subjected to three different systems of desiccation. Control embryos (in red) were exposed to 100% relative humidity throughout the process (sampling D100 and ED100). The second and third groups of embryos were subjected to 95 and 90% relative humidity, respectively, during the first half of desiccation (sampling D95 and D90) and then transferred to 100% relative humidity (sampling ED95 and ED90). The germination rate and morphology of embryos desiccated at different relative humidity levels were examined (G100, G95, and G90). The designation of all samples according to this scheme is used in the following text.




Determination of dry weight of embryos

At each sampling point, samples consisting of approximately 30 embryos were collected and weighed to determine their fresh weight (FW). The samples were collected in triplicate. They were then dried at 80°C and continuously weighed to a constant weight to obtain the final dry weight (DW). Dry matter values were expressed as %DW = DW/FW × 100 and concomitantly the water content was calculated as (FW-DW)/DW and is therefore expressed as g H2O/g DW.



Malondialdehyde assay

The malondialdehyde (MDA) content of the samples was determined using the NWLSS-malondialdehyde assay kit (Cat. No. NWK-MDA01, Northwest Life Science Specialties, LLC, Vancouver, Canada) as described in detail by Cvikrova et al. (2012). The assay is based on the reaction of MDA with thiobarbituric acid, which forms an MDAeTBA2 adduct that absorbs light strongly at 532 nm. The amount of MDA in the sample was determined using a five-point standard curve.



Abscisic acid and abscisic acid metabolite determination

Analysis of the content of ABA and its metabolites in embryos was performed as described previously (Prerostova et al., 2021). Phytohormones were extracted from frozen samples (approximately 10 mg FW aliquot) using 50 μl cold extraction solvent (1M formic acid). After addition of isotope-labeled standards and homogenization, phytohormones were separated on Kinetex EVO C18 column (2.6 μm, 150 × 2.1 mm, Phenomenex, Torrance, CA, United States). Hormone analysis was performed using an LC-MS system consisting of UHPLC 1290 Infinity II (Agilent, Santa Clara, CA, United States) set in multiple reaction-monitoring mode, using the isotope dilution method. Data acquisition and processing were performed using Mass Hunter B.08 software (Agilent). Phytohormone concentrations were calculated as the amount per 1 g of DW.



Ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase activity assays

The activities of ODC (EC 4.1.1.17), ADC (EC 4.1.1.19), and SAMDC (EC 4.1.1.50) were determined using the radiochemical method developed by Tassoni et al. (2000) and modified according to Gemperlová et al. (2005). Samples were extracted in three volumes of ice-cold 0.1M Tris–HCl buffer, pH 8.5, containing 2 mM b-mercaptoethanol, 1 mM EDTA and 0.1 mM pyridoxal phosphate, and centrifuged at 20,000 × g for 30 min at 4°C. Aliquots (0.1 ml) of both supernatant (soluble fraction) and resuspended pellet (particulate fraction) were used to determine ODC and ADC activity. Enzyme activity assays were performed by measuring the 14CO2 evolution from 7.4 kBq L-[1-14C]ornithine (1.92 GBq mmol–1, Amersham Pharmacia Biotech, United Kingdom) or 7.4 kBq L-[U-14C]arginine (11.5 GBq mmol–1, Amersham Pharmacia Biotech), for ODC and ADC, respectively, in the presence of 2 mM unlabeled substrate during a 1.5-h incubation at 37°C. 14CO2 was entrapped in hyamine hydroxide and the radioactivity was counted on liquid scintillation analyzer, Tri-Carb 2900TR, Packard. To determine SAMDC activity samples were homogenized in three volumes of 0.1M phosphate buffer, pH 7.6 containing 2 mM β-mercaptoethanol and 1 mM EDTA, and centrifuged at 20,000 × g for 30 min at 4°C. The supernatant and resuspended pellet (0.1 ml aliquots) were incubated separately with 3.7 kBq [1-14C]S-adenosylmethionine (2.15 GBq mmol–1, Amersham Pharmacia Biotech) in the presence of 2.8 mM unlabeled substrate and 3 mM Put. 14CO2 evolution was measured for 1 h at 37°C. The radioactivity was counted on liquid scintillation analyzer, Tri-Carb 2900TR, Packard.

Total protein content of the samples was measured by the Bradford method using bovine serum albumin as a standard (Bradford, 1976).



Polyamine analysis

Embryos were ground in liquid nitrogen and extracted for 1 h at 4°C with 1 ml of 5% (w/v) perchloric acid (PCA) per 100 mg fresh mass of tissue. 1,7-Diaminoheptane was added as an internal standard, and the extracts were centrifuged at 21,000 g for 15 min. PCA-soluble free PAs were determined in one half of the supernatant. The remaining supernatant and the pellet were acid hydrolyzed in 6N HCl for 18 h at 110°C to obtain PCA-soluble and PCA-insoluble PA fractions. PA standards (Sigma-Aldrich, Czechia) and extracted free, PCA-soluble and insoluble PAs were benzoylated according to the method of Slocum et al. (1989), extracted by distilled diethyl ether and after evaporation stored in -20°C until analysis. Detection and quantification of benzoylamines were carried out using an HPLC-MS system consisting of an HTS-Pal auto-sampler with cooled sample stack (CTC Analytics, Zwingen, Switzerland), Rheos 2200 quaternary HPLC pump (Flux Instruments, Basel, Switzerland), Delta Chrom CTC 100 Column oven (Watrex, Praha, CR), and TSQ Quantum Ultra AM triple-quad high-resolution mass spectrometer (Thermo Electron, San Jose, United States) equipped with an electrospray interface. The dried extract was re-dissolved in 5 ml of 80% (v/v) methanol, and 0.5 ml was taken for further analysis and filtered using a 0.2 μm Micro-Spin centrifugal filter (GRACE, Deerfield, IL, United States). An aliquot of 5 μl was injected onto a Kinetex 2.6 μm C18 100 Å HPLC column, 50 × 2.1 mm (Phenomenex, Torrance, United States) and analyzed by elution with a binary gradient (water/acetonitrile) starting at 20% (v/v) and ending at 50% (v/v) acetonitrile. The residual sample was removed from the column by increasing the acetonitrile content to 90% (v/v) for 6 min, and then the column was equilibrated at 20% (v/v) acetonitrile for 6 min before the next injection. The mass spectrometer was operated in the positive SRM (single reaction monitoring) mode and 2–4 transitions were monitored for each compound. The most intensive ion was used for quantification, the others for identity confirmation. PAs were quantified using a multilevel calibration graph with diaminoheptane as the internal standard.



Zymography of chitinases and β-1,3-glucanases

Total proteins were extracted from embryos according to Hurkman and Tanaka (1986). The enzymes of chitinases and β-1,3-glucanases were detected in polyacrylamide gels as described previously (Galusova et al., 2015). Briefly, protein aliquots (10 μg) were separated in 12.5% (w/v) polyacrylamide mini-gels (Mini-PROTEAN Tetra Cell Apparatus, Bio-Rad) containing enzyme substrate; 0.01% (w/v) glycol chitin was used for chitinases and 0.01% (w/v) laminarin (Sigma) for β-1,3-glucanases. Samples were not boiled before loading. The separation of acidic/neutral and basic/neutral proteins under native conditions was performed according to the method of De Bolle et al. (1991) at 120 V for 3 h at 8°C. After electrophoresis, proteins were renatured overnight in 50 mM sodium acetate buffer (pH 5.0), 1% (v/v) Triton X-100. Chitinase fractions were stained with 0.01% (w/v) Fluorescent Brightener 28 (Sigma) in 250 mM Tris–HCl (pH 8.9) for 15 min, and detected by illumination with UV light. Fractions with β-1,3-glucanase activity were visualized as red bands by boiling the gels in 200 ml of 1M NaOH containing 0.3 g of 2,3,5-triphenyltetrazolium chloride (Sigma) in a water bath for 5–10 min. After photography (BioDoc-It 210 Imaging System, UVP, California, United States), gel images were processed using Scion Image Software1 (Galusova et al., 2015). Background-corrected integrated density (ID) of chitinase bands was calculated in areas of constant size: ID = N × (mean-background) where N is the number of pixels in the selected area and the background is the modal gray value (pixels). The sizes of individual isoforms were determined based on the co-separated molecular standard.



Quantitative real-time PCR

Relative transcript levels of the genes of interest were analyzed by real-time PCR. RNA was isolated from 100 mg of frozen embryos using the RNeasy Plant Kit (Qiagen) and treated with DNaseI (Thermo Scientific). cDNA was prepared using Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative RT-PCR was performed in 12 μl PCR mix containing 6 μl of PCR MasterMix (Generi Biotech), 3.5 μl of nuclease-free water, 0.5 μl of mixture of forward and reverse primers (initial concentration 10 mM) and 2 μl of cDNA. The alpha-tubulin gene from P. abies (GenBank: X57980.1) was used as a reference. Primers for the genes of interest were designed based on either gene homology: β-1,3–glucanase (GenBank: L49179.1), putative class I chitinase (GenBank: AY450922.1), class IV Chia4-Pa chitinase (GenBank: AY270016.1), or literature data – ADC, SAMDC, spermidine synthase (SPDS), and SPMS (Vuosku et al., 2012). Primer specificity was demonstrated by PCR using genomic DNA of P. abies (DNeasy Plant Mini Kit, Qiagen); PCR products were purified using QIAquick PCR Purification kit (Qiagen) and sequenced (Eurofins Genomics). Sequences were then compared with database data (NCBI). Relative transcript levels were analyzed by the modified 2–ΔΔCT method using individual amplification efficiency for each gene (Livak and Schmittgen, 2001; Schefe et al., 2006) and compared relative to expression levels at the end of maturation (prior to desiccation) as a reference (value1).



Statistical analysis

Three or four independent experiments were performed, each with at least two biological replicates. Results are presented as means ± standard deviations. The data were analyzed by one-way analysis of variance (ANOVA). The means were compared using the Tukey test, and differences between means with P-values less than 0.05 were considered significant. The statistical package SigmaPlot 14.0 was used for all analyses.




Results


The effect of high relative humidity treatment on the germination of somatic embryos

In the first series of experiments, the effect of treatment with 100% relative humidity was tested in 12 embryogenic lines. Germination of a total of 400 emblings derived from treated and untreated embryos was compared based on the percentage of emblings with developed primary root and/or terminal bud and on the number of malformed emblings (Figure 2). The results showed that the high (near 100%) relative humidity treatment promoted embryo rooting and consequently terminal bud formation. Nearly 70% of the treated embryos were able to form primary roots, in contrast to less than 20% of the untreated embryos. The positive effect of the treatment on terminal bud formation was evident after 3 weeks of germination, and was significant after 6 weeks of germination. The treatment did not cause significant damage to the embryos, as the number of malformations was similar in both groups of emblings. Therefore, the conditions of the 3-week 100% relative humidity treatment were used as control conditions in the second series of experiments, where we tested the effect of reduced relative humidity.
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FIGURE 2
The comparison of the development of somatic embryos from the first series of experiments with or without the desiccation phase. The proportion of the emblings with primary root, with growing terminal bud, and malformed emblings was evaluated after 3 and 6 weeks of germination in response to desiccation (gray columns) and without treatment (white columns). Values are expressed as means ± standard deviations (n = 12) from two independent experiments. Different letters above columns indicate a statistically significant difference at p ≤ 0.05.




The effect of reduced relative humidity treatments on embling morphology

In the second series of experiments, the 3-week-old emblings derived from control embryos (exposed to 100% relative humidity; G100), had green cotyledons, an elongated hypocotyl, and a primary root, just as in the first series of experiments. Water deprivation during the first 11 days of desiccation treatment affected the development of emblings. Hypocotyls often thickened and did not elongate, and cotyledons were poorly developed (Figure 3A). The degree of these malformations depended on stress intensity. While moderate moisture deficit (95% relative humidity) during desiccation had no significant effect on G95 emblings, desiccation at the lowest relative humidity (90%) resulted in significantly inhibited growth of G90 emblings in terms of shoot, hypocotyl and/or root lengths (Figure 3B).
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FIGURE 3
Morphology of 3-week-old emblings developed from embryos desiccated at different relative humidity levels (G100, G95, and G90). (A) Overview of emblings; (B) Length of whole shoots (dark gray columns), hypocotyls (light gray columns), and primary roots (white columns). The image of the embling inserted in the graph (B) shows the measured parts – shoot (s), hypocotyl (h), and primary root (r). Values are given as means ± standard deviations (n = 8) of four independent experiments. Different letters indicate a significant difference at p ≤ 0.05.


Root formation was less affected than shoot growth; 33% of G95 emblings and 77% of G90 emblings were able to form roots compared to 53% in G100, and root length remained comparable to the G100 control emblings (Figure 3B).



The changes in water content of embryos during desiccation

In control embryos exposed to 100% relative humidity, DW remained unchanged (20–23%) throughout the desiccation process (Figure 4, ED100). Reducing the relative humidity to 95 or 90% in the first half of desiccation caused intense water loss in the embryos, which was reflected in a sharp increase in the dry matter content. DW doubled in D95 and even tripled in D90 embryos. When D95 and D90 embryos were returned to high humidity for the rest of the desiccation, DW content in ED95 approached the value of the control embryos (ED100) and remained two-fold higher in ED90 compared to the control variant (Figure 4).
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FIGURE 4
The effect of desiccation on the dry weight and water content of mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to relative humidity of 95 and 90% during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05.




Malondialdehyde and abscisic acid content

In embryos exposed to high relative humidity (D100), the level of ROS production (measured by the amount of MDA present) increased slightly compared to mature embryos (M; Figure 5). However, a water deficit in embryos desiccated at 95% relative humidity (D95) for 11 days caused a decrease in MDA content by more than 50% and in embryos desiccated at 90% relative humidity (D90) it decreased to 25% of the control values. Although the subsequent transfer to a high relative humidity environment slightly increased the MDA content of embryos, the final values did not exceed 60% (ED95) and 34% (ED90) of the control values (ED100).
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FIGURE 5
Malondialdehyde (MDA) content in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05.


The content of ABA and its metabolites was also measured in desiccated embryos and preliminary results showed the expected decrease in ABA levels (Supplementary Figure 1). Treatment at 100 and 95% relative humidity resulted in a sharp decrease in the content of ABA and its metabolites, with ABA glucose ester (ABA-GE) being the most abundant form. Reducing the relative humidity to 90% at the beginning of desiccation substantially affected the metabolism of ABA. The content of ABA and its metabolites was more than five times higher (D90) than in the control embryos (D100), and the major component of ABA metabolites was dihydrophaseic acid (DPA). This pattern was maintained until the end of desiccation (ED90).



Content of polyamines

In the course of desiccation of embryos, a significant decrease in the total content of PAs was observed. Mature somatic embryos (M) were characterized by higher Spd than Spm content, while Put content represented the lowest proportion of the sum of free, soluble, and insoluble conjugates of PAs (Supplementary Figure 2). In embryos subjected to control conditions with relative humidity of 100% (D100 and ED100), the content of free Put and Spd gradually decreased, whereas the content of Spm increased and was significantly higher than Spd at the end of the experiment in ED100 (Figure 6A). Lower relative humidity of 95% had no significant effect on the PA content of embryos (D95). However, drier air at 90% relative humidity caused a 50% decrease in Spm content in embryos (D90) and a more than eightfold increase in Put content (Figure 6A). After these embryos were subsequently exposed to 100% relative humidity (ED90), free Put content decreased to levels comparable to ED100 and ED95, but both free Spd and Spm content decreased significantly to 50% (compared to ED100).
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FIGURE 6
The content of free PAs (A), PCA-soluble PAs (B), and PCA-insoluble PAs (C) in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations. Bars represent standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05. a,b,c,d - Put forms; k,l,m - Spd forms; x,y,z - Spm forms.


The contents of PA conjugates were lower than those of free PAs. The significantly higher contents of Spd conjugates determined in D95 and D90 were the only obvious differences from those determined in the control (Figures 6B,C). The bound PAs accounted for the smallest fraction of the total pool of PAs. When embryos were exposed to 90% relative humidity, the content of bound forms of Put and Spd increased eleven-fold and 2.5-fold, respectively, compared to control conditions (D100). The fivefold increase in Put content persisted in ED90 compared to ED100.

As desiccation progressed, changes in the individual PAs resulted in changes in the ratios of Spd/Put, Spm/Put, and Spd/Spm (Supplementary Figure 3). The decrease in free Put content in D100 and D95 embryos resulted in an increase in the ratio of Spd/Put and Spm/Put compared with the values in mature embryos. In contrast, in D90 embryos, a significant increase in free and bound Put resulted in a substantial decrease in both the ratio of Spd/Put and Spm/Put. The decrease in free Put and its conjugates in ED90 embryos at the end of desiccation (compared with D90) was reflected in the increase in the ratios of Spd/Put and Spm/Put. The values of Spd/Spm ratios determined in D100, ED100, D95, and ED95 embryos showed a similar character and did not differ from each other. The different Spd/Spm ratios in D90 were caused by relatively high levels of Spd in free, conjugated, and bound forms.



Activities of ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase enzymes during desiccation of somatic embryos

The activities of the three enzymes responsible for the biosynthesis of the major PAs were measured in the soluble and particulate fractions; the results are presented by the sum of the activities of both fractions (Figure 7). In embryos during desiccation, both ADC and ODC activities were responsible for Put biosynthesis. In embryos exposed to control conditions, the variations in the activities of ADC and ODC were very similar during the desiccation period; both activities increased slightly during the 3-week period in control embryos (D100 and ED100; Figure 7). Embryos desiccated at reduced relative humidity showed a decrease in enzyme activities (D95 and D90). Exposure to reduced relative humidity resulted in a decrease in ADC activities to 24 and 35% and ODC activities to 31 and 33% in D95 and D90, respectively, compared with control D100. Subsequent transfer to 100% relative humidity resulted in a significant increase in both activities: ADC to 51 and 41% and ODC to 58 and 37% in ED95 and ED90, respectively. Only moderate changes in SAMDC activity were observed in embryos exposed to control conditions, whereas embryos desiccated at reduced relative humidity showed a slight decrease in enzyme activity (D95 and D90). Subsequent transfer of embryos to 100% relative humidity increased SAMDC activity. At the end of desiccation, the ED95 and ED90 embryos reached 146 and 120%, respectively, of the SAMDC activity determined in the ED100 control.
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FIGURE 7
Activities of PA biosynthetic enzymes ADC, ODC, and SAMDC in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). ADC, arginine decarboxylase; ODC, ornithine decarboxylase; SAMDC, S-adenosylmethionine decarboxylase. Values are given as means ± standard deviations. Bars represent standard deviations of three independent experiments (n = 6). Statistical analyzes were performed for the activities of each enzyme. Different letters indicate a statistically significant difference at p ≤ 0.05. a,b,c - ADC; k,l,m,n - ODC; x,y,z - SAMDC.




Cell wall modifying enzymes

Gel separation based on protein size (SDS-containing gels) and subsequent enzyme detection identified a single fraction of ∼37 kDa β-1,3-glucanases in mature (not shown) somatic embryos. Under control conditions, their activity remained unaffected, whereas desiccation at reduced relative humidity markedly suppressed their activity. However, when embryos were subsequently transferred to a 100% relative humidity environment, strong activation of the enzyme was observed in embryos exposed to 95 and/or 90% relative humidity during the first half of desiccation (Figure 8A). This pattern apparently involves the acidic isoforms; further separation under native conditions confirmed a similar response of two of the four acidic isoforms detected (Figure 8B, isoforms A and D). The activity of all four basic enzyme fractions was pronounced during the second half of desiccation (Figure 8C).
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FIGURE 8
Separation and in-gel detection of β-1,3-glucanases (A–C) and chitinases (D–F) in mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% humidity (ED95 and ED90). The overall profiles of total β-1,3-glucanases (A) and chitinases (D) after separation in SDS-PAGE with specific enzyme substrates and separation of acidic/neutral (B,E) and basic/neutral (C,F) isoforms of β-1,3-glucanases and chitinases. The activity values of the isoforms that were significantly affected by the applied conditions (compared with the corresponding control variants) are indicated in the graphs below the gel images (from top to bottom). *P < 0.05; **P < 0.01; and ***P < 0.001. Data represent the means ± standard deviations. m, molecular marker.


The enzyme profile of chitinases in all embryos (including matured embryos, data not shown) comprised four different isoforms of ∼140, 37, 28, and 20 kDa (Figure 8D). Their activities during the first 11 days of desiccation appeared to be inconsistent for unknown reasons (Figures 8D,E). However, in response to transfer to 100% relative humidity, each of them was statistically significantly induced in at least one variant – typically in embryos exposed to 90% relative humidity during the first half of desiccation (ED90; Figure 8D). With separation under native conditions, we detected several acidic/neutral (Figure 8E), and basic/neutral isoforms (Figure 8F). The activity of the largest acidic fraction gradually increased at reduced humidity during the first 11 days (D95 and D90) and later when desiccation continued at 100% relative humidity (ED95 and ED90; Figure 8E, isoforms A and D). Most of the chitinase activity in the embryos likely came from the basic isoforms (Figure 8F); unfortunately, because of their very high activity, we could not quantify their activities.



Expression of genes for polyamine biosynthetic enzymes

The expression levels of four polyamine biosynthetic enzyme genes were followed by qPCR analysis during the desiccation of embryos at different humidity levels. The expression level of the ADC gene (Figure 9A) increased slightly under control conditions throughout the desiccation period (D100 and ED100). Desiccation at reduced humidity caused a slight decrease in transcription that was significant only in D95 embryos. In the course of treatment at high relative humidity conditions, the expression level of SAMDC doubled (Figure 9B, ED100). At reduced relative humidity (D95 and D90), this increase in SAMDC transcript levels became less pronounced and returned to the levels found in mature embryos at the end of desiccation (ED95 and ED90). The relative level of SPDS gene transcript increased steadily during treatment under control conditions (Figure 9C, D100 and ED100), whereas it remained unchanged at lower relative humidity levels (D95 and D90) throughout the experiment (ED95 and ED 90). The expression of S-adenosylmethionine synthase gene was not affected by any desiccation treatment (Figure 9D); a slight but not significant induction was observed in ED95 embryos.
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FIGURE 9
Relative transcript levels of polyamine biosynthetic enzyme genes ADC (A), SAMDC (B), SPDS (C), and SAMS (D) in mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Transcript levels are compared relative to expression levels in mature embryos (value1). Values are expressed as means ± standard deviations (n = 9). Different letters indicate statistically significant difference at p ≤ 0.05. ADC, arginine decarboxylase; SAMDC, S-adenosylmethionine decarboxylase; SPDS, spermidine synthase; and SAMS, S-adenosylmethionine synthase.




Expression of genes for cell wall modifying enzymes

The expression of the β-1,3-glucanase gene studied was affected as a function of humidity (Figure 10A). Treatment with 100% relative humidity resulted in a 16-fold increase in expression (D100) compared to mature embryos (M), remained until the end of the experiment (ED100). In embryos desiccated at lower relative humidity during the first 11 days (D95 and D90), gene expression remained unchanged compared to mature embryos (M), but increased sharply as desiccation progressed, reaching 7-fold (ED95), and 3-fold (ED90) levels compared to control ED100.


[image: image]

FIGURE 10
Relative transcript level of β-1,3-glucanase (A), class I chitinase (B), and class IV chitinase (C) in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Transcript levels are compared relative to expression levels in mature embryos (value1). Values are expressed as means ± standard deviations (n = 9). Different letters indicate a statistically significant difference at p ≤ 0.05.


As for chitinases, the expression of a single class I chitinase gene and a single class IV chitinase gene were analyzed. The expression of the class I chitinase gene was not affected by any desiccation treatment (Figure 10B), in contrast to the class IV chitinase gene (Figure 10C). During treatment with 100% relative humidity, the expression of the class IV chitinase gene increased continuously compared to the transcript level in mature embryos (M). In the first half of the treatment (experiment; D100) a 20-fold higher transcript level was detected, which was further pronounced up to 40-fold higher transcript abundance at the end of the experiment (ED100). Reduced relative humidity in the first half of desiccation negatively affected expression of the class IV chitinase gene (D95 and D90), whereas transfer to 100% relative humidity restored its expression (ED95 and ED90) to the level observed in control embryos (ED100).




Discussion

The conversion of somatic embryos into high-quality emblings depends on the development of functional root and shoot systems (Hazubska-Przybyl et al., 2015). To improve the efficiency of germination, special procedures are used, such as partial drying of somatic embryos at high relative humidity (Roberts et al., 1990; Find, 1997) or low temperature treatment (Tikkinen et al., 2018b). For some species and cell lines, including P. abies (Tikkinen et al., 2018a), germination can occur without desiccation, but in general, desiccation is thought to improve germination rates and subsequent plant formation (Egertsdotter et al., 2019). Desiccation tolerance of conifer somatic embryos differs among species and genotypes and depends on the previous conditions of maturation (Hay and Charest, 1999). In all tested embryogenic cultures recently induced in our laboratory, desiccation of embryos at high relative humidity (100%, Figure 2) increased the germination rate compared with embryos germinated immediately after maturation. The desiccation treatment had a dual effect on somatic embryos’ further development depending on the humidity level – it positively affected embling germination and growth (Figures 2, 3), while causing stress due to water loss in embryos (Figure 4).

The intensity of partial drying and thus the impact of different relative humidity during the desiccation step determines the extent and outcome of these two possible effects of desiccation. ABA probably plays an important role in these processes, as it is a key regulator of plant responses to stresses and of plant growth and development. Degradation of ABA has been associated with the release of seed dormancy (Finch-Savage and Leubner-Metzger, 2006; Vondrakova et al., 2020), and decreased ABA content has been detected in spruce somatic embryos prior to germination (Find, 1997). The expressive change in ABA content in embryos during desiccation compared to mature embryos is likely due to the maturation medium being supplemented with a relatively high concentration of ABA that is omitted during desiccation (Vondrakova et al., 2018). Then, the differences in ABA content between embryos desiccated at different relative humidity correlate with the ability of the embryos to metabolize ABA (remaining in the embryos after maturation). At the same time, synthesis of ABA can be induced by stress conditions. Our preliminary data on ABA (Supplementary Figure 1) showed higher levels of ABA and ABA metabolites in embryos exposed to 90% relative humidity. The higher levels of ABA and DPA, the final product of the ABA hydroxylation pathway, suggest that embryos are unable to catabolize successfully the huge amount of ABA present after maturation. In contrast, in embryos from all other treatments, the prevailing ABA metabolite was ABA-GE, which is thought to be a reversibly inactive form of ABA (Seo and Marion-Poll, 2019). The reduced degradation rate of ABA may be related to the low water content in embryos exposed to 90% relative humidity and the consequent slowing of the enzymatic ABA degradation machinery.

As somatic embryos are exposed to osmotic stress during desiccation, ROS could accumulate excessively, leading to lipid peroxidation and damage to cellular component (Mailloux and Harper, 2011). During the experiments, the changes in MDA levels were tested as a marker of the peroxidation of membrane lipids to assess the extent of ROS production. The changes in MDA levels in embryos desiccated at 100% relative humidity were small, indicating adequate antioxidant protection (Figure 5). We hypothesized that the reduced humidity applied during desiccation would increase MDA values; however, the opposite was true, the applied reduced humidity negatively affected MDA content in somatic embryos. Activation of different antioxidant defense systems in response to the lower humidity could lead to efficient scavenging of ROS predominating over their production, which could explain the lower MDA levels in D95 and D90 embryos.

Polyamines are essential biomolecules with a dual role in plants – they are known to be involved in the regulation of many plant developmental and growth processes as well as in the response to various environmental stimuli (Wuddineh et al., 2018). Our findings indicate the stress-induced changes in PA homeostasis observed in desiccated embryos. Reduced humidity during desiccation resulted in changes in the free, conjugated, and bound forms of PAs compared to control embryos (Figure 6). A markedly increased content of free Put in D90 in spite of decreased ADC and ODC activities (Figure 7) and a sharp decrease in the content of free Spm indicate that free Spm could be converted back to Spd and Spd to Put. Reconversion is the opposite reaction to PA biosynthesis and is catalyzed by the enzyme polyamine oxidase (Kusano et al., 2008). Changes in PA levels in response to various abiotic stress conditions are often accompanied by stimulation of PA oxidation (Kamada-Nobusada et al., 2008; Tiburcio et al., 2014), but knowledge of the physiological function(s) of PA catabolic enzymes and their involvement in PA homeostasis is still insufficient (Takahashi et al., 2018).

A considerable proportion of PAs in plant cells can be diverted from physiological activity by conjugation with soluble phenolic acids or with macromolecules (Grienenberger et al., 2009; Fellenberg et al., 2012). The significantly higher content of Spd conjugates in both D95 and D90 (Figures 6B,C) suggests that PA conjugation in our system is involved in PA homeostasis in addition to oxidative deamination. In general, the accumulation of bound and conjugated PAs is an important protective property in plants under adverse environmental conditions (Yu et al., 2019). It has been reported that cell wall-bound PAs mediate the formation of bonds between individual cell wall components and between the cell wall and the cell membrane (Berta et al., 1997). Changes in the content of conjugated and bound PAs have been found in the adaptation of vetiver grass to water deficit (Zhou and Yu, 2010), and the drought resistance of rice cultivars has been associated with obviously induced increases in bound PAs (Yang et al., 2007). The response to water deficit in triticale cultivars was also associated with a gradual increase in cell wall-bound PAs (Hura et al., 2015). The observed increase in conjugated and bound Spd content, and especially bound Put content in D90, is consistent with these results. Although mediation of bond formation is attributed to Spm, similar involvement of Put and thermospermine in the defense response to, e.g., biotic stress has been proposed (Jimenez-Bremont et al., 2014).

Free PAs have been studied more extensively than the soluble conjugated and/or bound forms (Chen et al., 2019). An inadequate Spd/Put ratio has also been considered an important factor in SE and has been associated with abnormal growth and disordered cell proliferation in grape somatic embryos (Faure et al., 1991). Higher values of the ratio of free forms Spd/Put and Spm/Put determined in D100 and D95 (relative to M, Supplementary Figure 3) were caused by low levels of free Put and are characteristic of Norway spruce somatic embryos during the desiccation period (Gemperlova et al., 2009). However, in the case of D90, the situation was different because both ratios of free forms, Spd/Put and Spm/Put, were very low due to the significantly increased content of free Put. Unfortunately, the physiological significance of these changes in PA ratios is still unclear (Huang et al., 2004; Murray-Stewart et al., 2018).

Like PAs, the cell wall-modifying enzymes chitinases and β-1,3-glucanases play multiple roles in plant development and responses to various stresses (Perrot et al., 2022; Vaghela et al., 2022). In conifer SE, their role has been demonstrated for example in white spruce (Dong and Dunstan, 1997; Gao et al., 2022), black pine and hybrid firs (Fráterová et al., 2013), and Norway spruce (Dyachok et al., 2002). Some of the β-1,3-glucanases are active during seed maturation and have been shown to initiate rupture of seed testa during germination (Leubner-Metzger, 2005). Remarkably, both enzymes are considered components of the second line of defense against abiotic stresses, including water deprivation. The presence of ∼37 kDa β-1,3-glucanase in Norway spruce somatic embryos (Figure 8A) is consistent with previously detected glucanases of similar size in chicory (Helleboid et al., 1998, 2000), pea (Buchner et al., 2002), or Scots pine (Pirttilä et al., 2002). Water loss during desiccation inhibited the activities of two (acidic) β-1,3-glucanases in the embryos (Figure 8B; isoforms A, D) as well as the expression of a single β-1,3-glucanase gene (Figure 10). This probably led to the deposition of the enzyme substrate – callose. The deposition of callose is the result of a shift in the balance between the degrading (β-1,3-glucanase) and the synthesizing enzyme (β-1,3-glucan synthase, also called callose synthase; van der Schoot et al., 2014). Callose forms plasmodesmal “clamps” that modulate the movement of molecules across plasmodesmata in response to developmental and environmental stimuli (De Storme and Geelen, 2014), including water deprivation (Gregorová et al., 2015). In many dormant systems, callose clogs sieve tubes as well as plasmodesmata in the shoot apical meristem, isolating the meristem from surrounding tissues (van der Schoot et al., 2014). In agreement with this, β-1,3-glucanase activities in desiccated Norway spruce embryos depended on relative humidity. Enzyme activity data were consistent with the massive expression of the studied β-1,3-glucanase gene in the second half of desiccation, probably enabling rapid symplastic transport.

We detected chitinases of four different sizes (20, 28, 37, and 140 kD) in Norway spruce somatic embryos (Figure 8). Previously, 25, 48, and 56 kDa chitinases were detected in P. caribaea (Domon et al., 2000) and more than six different isoforms were present in callus culture of Pinus sylvestris (23, 25, 31, 36.5, 75, and some ≥ 124 kDa; Pirttilä et al., 2002). In our experiment, reduced relative humidity induced at least a single acidic chitinase in embryos, whereas subsequent transfer to 100% relative humidity activated several basic and some acidic isoforms. Their putative role is the release of signaling lipochitooligosaccharides from arabinogalactan proteins in different embryo structures (Dyachok et al., 2002; Zieliński et al., 2021), which are thought to play a role in morphogenesis and defense (Rojas-Herrera and Loyola-Vargas, 2002). The molecular function of chitinases in embryos could also include antifreeze activity (Żur et al., 2013), cell wall strengthening/loosening under changing water conditions (Gregorová et al., 2015), and cell wall lysis of pathogens (Grover, 2012) or endophytes (Pirttilä et al., 2002). Expression of the class IV chitinase gene was strongly induced in Norway spruce embryos desiccated at high relative humidity (Figure 10), in contrast to the previously described class IV chitinase (Hietala et al., 2004). This suggests that this gene likely plays a role in the late stages of embryo development, or in seed adaptation to changing humidity or both. In contrast, the activity of the class I chitinase gene was not affected in our experiment. Previously, a class I chitinase was induced by low temperature in mature white spruce somatic embryos (Gao et al., 2022), but was suppressed by wounding (Hietala et al., 2004). Chitinases of different classes were also differentially expressed in P. glauca during the transition between seasonal activity and dormancy (González et al., 2015).

While chitinases likely alter cell wall elasticity (Yokoyama and Nishitani, 2004) and prevent the invasion of microbes naturally present in the soil, glycoside-hydrolyzing glucanases could affect water trafficking and/or the accumulation of soluble sugars for osmotic adjustment (Levy et al., 2007). These functions are consistent with the accumulation of PAs studied and suggest the activation of mechanisms to adapt the embryos to changing moisture conditions, possibly to avoid cell death (Wiweger et al., 2003) and ensure better survival.



Conclusion

Desiccation at high relative humidity promoted germination of Norway spruce somatic embryos, increased the activities of ADC and ODC, the activities of β-1,3-glucanases and transcription of β-1,3-glucanase and class IV chitinase genes. Exposure of matured somatic embryos to decreased humidity levels resulted in stress-induced changes in PA homeostasis as well as the content of ABA and its metabolites. The adaptation of embryos desiccated at reduced relative humidity resulted in changes in the content of free, conjugated, and bound forms of PAs. A high rate of embryo dehydration elicited a significant increase in the content of free Put, although the activities of ADC and ODC decreased, which together with a sharp decrease in the content of free Spm indicated reconversion of free Spm. The increase in bound PAs was triggered by adaptation to a severe water deficit (90% relative humidity), confirming the role of PAs in strengthening the cell wall under environmental stress conditions. Low-humidity desiccation also markedly suppressed the activities of cell wall-modifying enzymes β-1,3-glucanases and chitinases, as well as the expression of β-1,3-glucanase and class IV chitinase genes. Most of the monitored enzyme activities were temporarily attenuated by low relative humidity, but were restored after the water deficit conditions passed away. Desiccation at lower relative humidity appears to impede the processes leading to physiological maturity and subsequent ability of the embryos to develop into emblings.
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Castanopsis hystrix is one of the main timber trees grown in China. However, severe shortage of natural seeds and the difficulty of explant regeneration has limited seedling supply. As such, there is a need for research on asexual multiplication of C. hystrix. This study established a rapid propagation technology system for C. hystrix genotypes, including explant treatment, proliferation, and rooting. HZ (a modified MS medium) supplemented with 4.4 μM BA and 0.5 μM IBA was found to be the optimal medium for shoot sprouting. The maximum proliferation coefficient and the number of effective shoots was obtained on HZ medium supplemented with 2.6 μM BA and 1.0 μM IBA, were 3.00 and 5.63, respectively. A rooting rate of 83.33% was achieved using half-strength HZ medium supplemented with 3.2 μM NAA. Adding vitamin C (80 mg⋅l–1) for 7 days in a dark environment reduced the browning rate, while increasing the proliferation rate. Additionally, through cytological observation, we established how and where adventitious roots occur. The survival rate of transplanted plantlets was > 90%. This is the first report of an in vitro regeneration technique that uses stem segments of mature C. hystrix as explants.

KEYWORDS
Castanopsis hystrix, mature tree, disinfection, in vitro regeneration, browning, adventitious roots


Introduction

Castanopsis hystrix belongs to the genus Castanopsis of the Fagaceae family, mainly distributed in the tropical and subtropical regions of southern China, and has very important economic, ecological and social value (Su et al., 2004; Wu et al., 2012; Liu et al., 2020; Souma and Ishikawa, 2020). As a native broad-leaved precious timber tree species, its seeds can be used to extract tanning agents and foods rich in tannins and starch (Chen et al., 1993a,b; Tanaka et al., 1993; Chang et al., 1995). Its rapid growth also has significant ecological functions such as water and soil conservation, disaster prevention, and mitigation. Moreover, they play a critical role in biodiversity and the global carbon budget (Xiaofang et al., 2015; You et al., 2018; Liang et al., 2019; Zhang et al., 2019).

Difficulties in breeding have restricted the application of superior genotypes of C. hystrix. Currently, seedling production is the primary breeding method. However, seedling production is difficult because of the phenomenon of “biennial fruiting” and difficulties in seed storage. The different genotypes have considerable growth rate, material, and seed yield variations. Moreover, the seedlings are not consistent with the growth characteristics of mother trees (San-José et al., 2010). Although the grafting method has been reported, the survival rate is only 44%, and there is a “partial crown” phenomenon (Baofu et al., 2018). A lack of sufficient branches also limits large-scale production (Ahuja and Jain, 2017).

Biotechnological methods may be valuable in the propagation and conservation of selected genotypes (Gaidamashvili and Benelli, 2021). In vitro propagation is not only less affected by the external environment but can also produce orderly and consistent young plants with ideal characteristics (Kumar et al., 2011; Martínez et al., 2021; Chakraborty et al., 2022). Adult trees are difficult to use as material because of the large number of endophytic bacteria, difficulty establishing an aseptic system, and shoot induction and differentiation, which dramatically limits in vitro propagation (Martínez et al., 2017a, 2021). Therefore, it is essential to establish an efficient propagation technology for mature C. hystrix. In a prior study, explored the technique of using the seeds of mature C. hystrix as explants for tissue culture (Ruchun et al., 2016; Chunyan and Suyun, 2017). Research using mature C. hystrix branches as a material for in vitro culture techniques is limited.

In the present study, we established an efficient and rapid propagation protocol to ensure the fixation of these ideal traits to the next generation. The findings of this study can be used for clonal propagation and germplasm conservation of superior genotypes of C. hystrix.



Materials and methods


Plant materials and culture conditions

Semi-lignified branches were collected from a miniature grafting nursery (Figure 2B) in the College of Forestry and Landscape Architecture’s greenhouse, South China Agricultural University (113°21 E, 23°09 N). The grafting material was obtained from a mature tree (over 100 years old, Figure 2A), having a favorable genotype. It has the advantages of firmness and high hardness of wood.
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FIGURE 1
Effects of different types and concentrations of anti-browning agents on shoot proliferation and browning. Group a (left) was cultured directly under light. Group b (right) was transferred to light culture after a 7-day darkness treatment. (A) Proliferation coefficient; (B) browning rate. Different uppercase letters in the same column indicate a significant difference, as per Duncan’s multiple range test (p ≤ 0.05, n = 3 indicates three replicates).
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FIGURE 2
Micropropagation of mature Castanopsis hystrix trees using axillary node explants. (A) Mother plant; (B) the miniature grafting nursery; (C) shoot sprouting; (D,E) shoot proliferation; (F) rooting; (G) plantlet acclimatization for 30 days; (H) plantlet acclimatization for 90 days.


All culture media were adjusted to pH 5.7, solidified with 6 g⋅l–1 agar, and autoclaved at 121°C for 20 min (Corredoira et al., 2006). For the sprouting and proliferation, 30% sucrose was added in the regeneration medium while for root induction 15% sucrose was supplied (Purohit et al., 2002). After inoculation, the plantlets were incubated in a growth chamber with a 12 h/day photoperiod (provided by cool-white fluorescent lamps at 50–60 μmol m–2 s–1) at 23 ± 2°C (Martínez et al., 2017b).



Disinfection and shoot sprouting

Branches approximately 5–15 cm in length were collected as the initial material. After two-thirds of the leaves were cut off, they were washed with 5% (v: v) liquid detergent (consisting of surfactant and soft water) solution, rinsed under running water for 1 h, and then moved to a clean bench. Initial materials were cut into stem segments with 1–2 axillary shoots (1–2 cm in length) and then placed into sterile glass bottles according to the degree of lignification (semi-lignified). Thirty explants were placed in each bottle for surface disinfection. A total of 6 treatments of disinfection were used in this study (Table 1). After disinfection, both ends of the wound of explants were cut (0.5–1.5 cm) and inoculated on MS supplemented with 4.4 μM BA and 0.5 μM indole-3-butyric acid (IBA). The contamination, browning, and survival rates of each treatment were recorded after 30 days.


TABLE 1    Effects of different disinfection treatments on the survival of explants.
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To optimize shoot sprouting, we chose five different basal media containing BA 4.4 μM and IBA 0.5 μM for comparison (Table 2). Among them, HZ is a medium that has been modified from MS. The macronutrient component of the HZ medium is composed of 520 mg⋅l–1 NH4NO3; 950 mg⋅l–1 KNO3, 495 mg⋅l–1 KH2PO4, 370 mg⋅l–1 MgSO4⋅7H2O, and 440 mg⋅l–1 CaCl2⋅2H2O, other mineral nutrients are the same in composition as in MS. On this basis, to further optimize the shoot sprouting, BA (2.2, 4.4 and 8.8 μM), α-naphthaleneacetic acid (NAA) (0, 0.5 and 2.7 μM), and IBA (0, 0.5 and 2.5 μM) with different combinations were added to medium. Nine treatments were designed based on the L9 (34) orthogonal test (Table 3). Observations were made after 30 days, including shoot sprouting rate, shoot length, and growth state.


TABLE 2    Effects of different basal media on initial shoot sprouting.
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TABLE 3    Effects of different concentrations and compositions of BA, NAA, and IBA on shoot induction, and range analysis.
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Shoot proliferation

The induced shoots were cut into approximately 1-cm sections and transferred into HZ medium. BA (0.9, 2.6 and 4.4 μM), NAA (0, 0.5 and 1.1 μM), and IBA (0, 0.5 and 1.0 μM), in different concentrations, were added to the medium. Nine treatments were designed according to the L9 (34) orthogonal test (Table 4). After 7 weeks, the proliferation coefficient, number of effective shoots (≥0.5 cm) per explant, and growth state were recorded.


TABLE 4    Effects of different concentrations and compositions of BA, IBA, and NAA on shoot proliferation, and range analysis.
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To reduce the browning rate, three anti-browning agents at different concentrations (Figure 1) were added to the proliferation medium for the experiment. There were a total of 10 treatments. Two groups of comparative experiments were set up. The first group was cultured directly under light conditions after inoculation, and the other group was cultured in the dark for 7 days and then transferred to a light culture. The browning rate was calculated after 14 days, and the proliferation coefficient was recorded after 7 weeks.



Rooting

Robust shoots (2–3 cm in length) were harvested and transferred to half-strength HZ medium supplemented with different concentrations of NAA (1.1, 2.2, 3.2, 4.3, 5.4, and 8.1 μM) and IBA (1.0, 2.0, 2.9, 3.9, 4.9, and 7.4 μM) (Table 5). After 30 days of culture, rooting rate and growth state were recorded.


TABLE 5    Effects of different types and concentrations of auxin on rooting.
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Histology observation of differentiating root in microshoots

To investigate the rooting mechanism of C. hystrix plantlets, the formation of adventitious roots was observed by agarose sectioning. Starting from the induction of rooting culture, the bases of the 5–10 plantlets (0.5–1.0 cm in length) were cut and collected every 2 days and stored in a fixation medium [70% alcohol, acetic acid, and 38% formaldehyde (18: 1: 1 v: v: v)]. Then, the same volume of a mixture of TO (TO type biological tablet transparent agent) transparent agent and anhydrous ethanol, 30% anhydrous ethanol, and 70% TO transparent agent were used to treat the samples for 1 h. Finally, the samples were embedded in 3% agarose, cooled, solidified, and sliced with a vibratome (VT1000S, Leica, GER), with a thickness of 35 μm. They were then stained with toluidine blue, observed, and photographed using a microscope (BX43, Olympus, Japan).



Acclimatization and transplantation

After 30 days of rooting culture, 1,000 plantlets with well-developed roots were placed in the greenhouse for 7–10 days. The plantlets were removed from the culture vessels, and the attached medium was washed away. Subsequently, the plantlets were transplanted to containers (containing a mixture of peat soil, perlite, and coconut bran 3: 1: 1 v: v: v). Before transplanting, the substrate was disinfected with potassium permanganate (800–1,000 ppm). Plantlets were watered thoroughly and kept in a greenhouse (25 ± 1°C, 80% RH, 70% shading). One week after transplanting, spray with 1% carbendazim and 2 weeks later, they were moved outdoors, and water and fertilizer (N: 10 g⋅l–1, P2O5: 10 g⋅l–1, K2O: 10 g⋅l–1, Fe: 0.05 g⋅l–1, Mn: 0.05 g⋅l–1, Nutrient solution and water 1:1,000 v: v) management were conducted daily. Survival rates were recorded after 30 days.



Statistical analysis

The following formulas were used to calculate different plant regeneration parameters:


•Contamination rate (%) = number of contaminated explants/total number of explants × 100

•Browning rate (%) = number of browned explants/total number of explants × 100

•Survival rate (%) = number of surviving explants/total number of explants × 100

•Shoot sprouting rate (%) = number of sprouted explants/total number of explants × 100

•Proliferation coefficient = Total number of shoot ≥ 0.5 cm (in length)/Total number of regenerating explants

•Number of effective shoots per explant = total number of shoots ≥ 0.5 cm

•Rooting rate (%) = number of rooted explants/total number of explants × 100.

•Average root number per explant = total number of roots/numbers of rooted explants



All experiments were conducted in a completely randomized design with three replicates, and each treatment contained 30 explants, except for acclimatization. The results are presented as mean ± standard error (SE). The mean and SE values were calculated using Microsoft Excel 2019. IBM SPSS Statistics v26 (Armonk, NY, United States) was used for the statistical analyses. The significance of differences among the mean values was calculated using Duncan’s multiple range test at p ≤ 0.05. The results are presented as mean ± standard error of three replicates.




Results


Establishment of an aseptic system

Among the six treatments (Table 1), the best result was obtained with the combination of 1% (v: v) benzalkonium bromide for 2–4 min and 0.1% (w: v) mercuric chloride containing 2–3 drops of Tween 80 for 1–4 min. The survival rate of explants was up to 75%, and the contamination and browning rates were the lowest at 17 and 11%, respectively. This shows that multistage disinfection can significantly reduce the contamination rate of explants. This is consistent with the results of other researchers (Kuppusamy et al., 2019). Compared with treatment No. 5, the contamination rate of explants in treatment No. 4 without the addition of Tween 80 was significantly higher. Treatment No. 1, in which NaOCl alone was used as a disinfectant, had the highest contamination rate. The contamination rate of explants in treatments No. 3 and 6, in which 75% (v: v) ethanol was used, was significantly lower than that in treatment No. 1, but the browning rate was highest, at 25 and 27%, respectively.



Shoot sprouting

Among the five media (Table 2), modified MS medium (HZ) was the optimal medium. We found that explants cultured on MS, 1/2 MS, and Gamborg’s B5 basal medium (B5) had a very low induction rate, and the induced shoots were short, thin and gradually died after 2–3 cycles of culturing. Shoots cultured on MS and B5 media showed hyperhydricity. The effect of shoot sprouting cultured on 1/4 MS was moderate; the shoots were thin and weak, and the stem segments were yellow-green. In contrast, the HZ medium positively influenced shoot sprouting; the shoot sprouting rate reached 71.11%, and the shoot length reached 0.95 cm. Moreover, the shoots grown on HZ medium were robust and green in color and elongated faster.

The results (Table 3) showed that different concentrations and combinations of the plant growth regulators (PGRs) significantly affected shoot sprouting. The optimal combination of PGRS for C. hystrix was BA 4.4 μM and IBA 0.5 μM, wherein the shoot sprouting rate reached 82.22%, and the induced shoots were robust and grew rapidly (Figure 2C). In the culture medium containing 2.2 μM BA, the shoot sprouting rate was low, and the induced shoots were short. However, when BA reached 8.8 μM, hyperhydricity was observed in the shoots. Moreover, excessive auxin may lead to callus formation, in addition to inhibition of shoot sprouting.



Shoot proliferation

The findings of this study suggest that different concentrations and ratios of PGRs (BA, IBA, and NAA) can promote the proliferation of C. hystrix plantlets to different degrees (Table 4). In the range of 0.9–4.4 μM of BA, the combination of BA and a single auxin can significantly improve the proliferation of plantlets. However, when the concentration of BA was 0.9 μM, the overall proliferation coefficient was the lowest. Range analysis showed that the influence of the three PGRs on shoot proliferation was BA > NAA > IBA. According to the range values, when the concentration of BA was 4.4 μM and that of IBA was 0.5 μM, the proliferation coefficient of shoots reached the highest (Figures 2D,E, 3.34). However, under these conditions, the cultured shoots were short, the leaves were folded, and fewer shoots were suitable for rooting. By contrast, the shoots cultured on a medium provided with BA (2.6 μM) and IBA (1.0 μM) were robust, the leaves were extended, and there were many shoots suitable for rooting, with the proliferation coefficient reaching 3.00 and the number of effective shoots reaching 5.63.

We observed that the proliferation coefficient of C. hystrix plantlets cultured in darkness for 7 days decreased slightly, but the browning rate was significantly lower compared with culturing directly under light after inoculation. Furthermore, the addition of vitamin C (VC), activated charcoal (AC), and polyvinyl pyrrolidone (PVP) at different concentrations affected the proliferation and browning of plantlets to different degrees (Figure 1). Compared with the control treatment (54.44%), the browning rate of plantlets was significantly reduced after adding anti-browning agents into the medium. VC showed the best anti-browning effect. When the concentration of VC was 80 mg⋅l–1, the browning rate of the plantlets was the lowest (13.33%) after dark treatment for 7 days, and there was a higher proliferation rate than in the control treatments. Under such culture conditions, the plantlets grew well, and the shoots were healthy. However, when the concentration of VC was 60 and 100 mg⋅l–1, the growth of the plantlets was poor. Different concentrations also reduced the browning rate and increased the proliferation rate. Under such culture conditions, plantlets generally grew with weak shoots and slow growth. AC had the worst anti-browning effect on C. hystrix plantlets. The addition of AC significantly reduced the proliferation coefficient, and most of the shoots died and showed poor growth.



Rooting

The results showed that the addition of different concentrations of NAA and IBA significantly improved the rooting effect of C. hystrix plantlets compared with the control treatment (Table 5). The rooting rate first increased and then decreased with the increase in auxin concentration in treatments 2–7 and 8–13. We found that when auxin concentrations were too high, there were more calluses at the base of plantlets, which affected rooting quality. When auxin concentrations were too low, the roots were thin and the rooting rate was low. In terms of the rooting rate, rooting number, and growth state of plantlets, the overall rooting effect of NAA was better than that of IBA. Among them, when the concentration of NAA was 3.2 μM, the rooting rate was the highest (83.33%), the roots were strong, and the plantlets showed a substantial growth state (Figure 2F).



Histology observation of differentiating root in microshoots

No significant change was observed after the C. hystrix plantlets were transferred into the rooting medium for 4 days. Starting from the day 5, the cambium outer cells showed periclinal division in succession and formed a ring band consisting of cells with thin walls, dense mass, and strong meristematic ability (Figures 3a,b). On day 6, local swelling at the base of the stem segment of the plantlets gradually formed calluses. These calluses were formed by resuming the division of cells surrounding the medullary rays (Figure 3c). On day 7, some active cells at the junction of the original cambium and medullary rays continued to divide into cell clusters deeper than other regions, forming the adventitious root primordium (Figure 3d). As the cells divided, the root primordium showed tissue differentiation after approximately 9 days. From the anatomical observation, the cells located at the morphological upper end of the root primordium gradually formed growth points and root caps, whereas the cells located at the lower morphological end of the root primordium were stained lighter, elongated, and formed oblong parenchymatous cells (Figures 3e,f). Around day 11, with the elongation, division, and differentiation of the root primordia cells, the root primordium penetrated the cortex and epidermis, grew out of the stem (Figure 3g), and then continued to penetrate the callus wrapped by the base of adventitious roots (Figure 3h), while the vascular cells differentiated from the adventitious root were connected to the vascular system of the stem segment (Figure 3i).
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FIGURE 3
Histology observation on differentiating roots formation of Castanopsis hystrix plantlets. Ri, pith; Rp, root primordium; Ar, adventitious root; Ca, callus. (a) Rooted on day 4; (b) the cambium cells were active on day 5; (c) callus appeared; (d) root primordium appeared on day 7; (e,f) root primordium differentiated; (g) adventitious root broken through the cortex on day 11; (h) adventitious root broken through callus on days 12–13; (i) the adventitious root vascular connected to the stem vascular.




Acclimation and transplantation

The regenerated plantlets transplanted into plastic cups had a survival rate of over 90% after 30 days, with bright green leaves and good growth (Figures 2G,H). The lignified plants that were transferred to the large container bags grew well. The regenerated plants were phenotypically identical to the parent plants and the leaves and dark green mature leaves.




Discussion

The fuzziness of explants exposed outdoors for a long time is contaminated by various air pollution sources (Kang et al., 2020). In particular, adult trees in the wild have high levels of endophytic bacteria, resulting in tissue culture failure. Our preliminary experiments found that explants collected directly from mature trees in the field were heavily contaminated, making it difficult to establish an aseptic system. Therefore, we obtained a large amount of aseptic material by grafting superior genotypic branches as scions. Plants were cultivated in a greenhouse and regularly sprayed with 0.1% carbendazim. This approach has also been reported in other studies (Griebeler et al., 2014). The combination of Tween 80 and HgCl2 can also improve sterilization, and its superiority has been reported in previous studies (San-José et al., 2010; Martínez et al., 2017a). Our results are consistent with these findings.

During in vitro tissue culture, growth and morphology are mainly controlled by the composition of the basic culture medium (Carl and Richard, 2002; Kothari et al., 2004; Phillips and Garda, 2019). This study found that during shoot induction, except for culture on 1/4 MS and HZ, shoots induced from axillary shoots were shorter and gradually died after 2–3 cycles of culturing. It has been reported that inappropriate mineral nutrition in the medium, especially the proportion of macroelements such as N, P, and K, can affect the normal metabolism of plantlets (Nezami-Alanagh et al., 2019; Hameg et al., 2020). The experimental results showed that the low-salt medium is more conducive to the induction and growth of C. hystrix, which is the same as tissue culture research in Quercus rubra (Vengadesan and Pijut, 2009). High salt concentrations in the medium may cause hyperhydricity in plantlets (Oberschelp and Gonçalves, 2016; Nezami-Alanagh et al., 2018), which leads to chlorophyll deficiency in plantlet leaves, accumulation of water in intracellular spaces and walls, poorly developed cell walls, and reduction in cuticle thickness (Sen and Alikamanoglu, 2013; Tabart et al., 2015), as well as causes plantlets to exhibit a controlled emergency response with a phenomenon called hyperhydricity. Other nutrients can also affect plantlet growth. For example, Halloran and Adelberg (2011) found that nutrients such as Mg, Mn, and Ca affect the reproduction of Curcuma longa, and the effect of other elements on C. hystrix needs to be studied further. The optimization of a basic medium is a complex process; it can be optimized using computer technology, such as algorithm-based machine learning (artificial neural networks, fuzzy logic, and genetic algorithms) (Gago et al., 2010; Arteta et al., 2018; Nezami-Alanagh et al., 2018).

PGRs are important at all stages of plant tissue culture (Bidabadi and Jain, 2020) and are added to stimulate the formation of primordial roots in tissues presenting a rooting predisposition (Griebeler et al., 2014). In this study, BA had the most apparent effect on the induction and proliferation of C. hystrix shoots, confirming that BA plays a significant role in tissue culture (Namli et al., 2010). Cytokinins and auxins must be balanced during regeneration from explants (Skoog and Miller, 1957; Zhang et al., 2020); the concentration of PGRs was lower or higher and not conducive to the growth of shoots (Gonbad et al., 2014). The type and concentration of auxins are stricter in rooting cultures (Phillips and Garda, 2019). NAA was shown to stimulate rooting better than IBA, which is the opposite of Panax ginseng on rooting, indicating that the effect of auxins on roots varies from species to species (Kim et al., 2003). The combination of NAA and IBA has a better rooting effect (Khosh-Khui and Sink, 1982; Martínez et al., 2021); whether it applies to C. hystrix requires further verification.

The browning phenomenon is mainly caused by the action of oxidative enzymes, such as polyphenol oxidase (PPO) and phenylalanine ammonia lyase (PAL), with phenolic acid to produce toxic dark brown tissue culture plantlets (Shi et al., 2013; Zhou et al., 2018), leading to explant death and failure of regeneration (Tang and Newton, 2004; Zhenzhu et al., 2016; Shang et al., 2017). The factors affecting browning are complex and include the culture itself and the culture environment. VC was the best choice to inhibit the browning of C. hystrix plantlets, and darkness treatment for 7 days after inoculation resulted in a low browning rate. In contrast, PVP and AC had a negative effect on C. hystrix plantlets after culturing. This means that different types of anti-browning agents have different effects on the prevention of browning (González-Rodríguez et al., 2004). Another reason may be that PVP and AC act as adsorbents and compete with plantlets for nutrition in long-term culture (Cai et al., 2020). However, as an antioxidant, VC has less impact on plantlets and can even provide nutrition (Joy et al., 1988; Vijayalakshmi and Shourie, 2016). In addition, darkness treatments after inoculation can effectively reduce browning (Chavan et al., 2015; Serain et al., 2021) because proper dark handling increases endogenous phenol levels and the utilization of carbohydrates, which in turn leads to a higher rooting rate (Druart et al., 1982; Kang et al., 2020).

The root is an important organ for plants to absorb water and nutrients (Tanimoto et al., 1995). The formation of adventitious roots is a complex process controlled by many environmental and physiological factors (Deng et al., 2017), and it is essential to understand the formation and physiology of adventitious roots for breeding (Steffens and Rasmussen, 2016). In rooting cultures, plantlets are usually found at the base of hard-to-root plants, often called callus rooting. However, histological observation of adventitious roots showed that the root primordium of C. hystrix was produced from the interoperative formation layer, and no root primordia were formed in the callus, confirming that callus production was not directly related to the formation of root primordia. Some studies have shown that auxin-induced calluses share some characteristics with the root development pathway, which may promote the development of adventitious roots (Xu et al., 2018). Whether callus production promotes adventitious root growth in C. hystrix remains unknown. Once the callus has been proven to inhibit the growth of C. hystrix adnate roots, we can reduce the number of calluses during rooting by optimizing the rooting medium.

Previous studies have reported low survival rates of Quercus rubra during acclimation (Vengadesan and Pijut, 2009). However, in this study, more than 90% of the plantlets were preserved after acclimatization. According to their growth performance, these plantlets grew uniformly without excessive differences, showing a high degree of homogeneity between the regenerants. On the leaves, it was observed that the color of the regenerated plants was essentially the same as that of the parent leaves. Apical leaves were buff, whereas other leaves were dark green. Thus, in vitro propagation can maintain the excellent traits of the parent.



Conclusion

This is the first report of the in vitro regeneration of mature C. hystrix. In this study, the obstacle of low survival rate of tissue culture of C. hystrix was successfully confirmed. We also solved other problems, such as the maximum number of shoots per explant was obtained on HZ containing 4.4 μM BA and 0.5 μM IBA, and markedly increased the shoot number and growth. For the optimal multiplication medium was on HZ containing 2.6 μM BA and 1.0 μM NAA, and for the rooting medium, the optimal hormone concentration was half-strength HZ + 3.2 μM NAA. The regenerated plants, which were propagated in this system, showed good growth, lush foliage, and well-developed roots. These results indicate that the regeneration protocol of C. hystrix can be used for clonal propagation of the superior genotype to lay the foundation for its popularization, preservation of germplasm, and genetic transformation.
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In this work, we report a successful protocol to obtain in vitro peach palm (Bactris gasipaes Kunth) “Diamantes 10” plants through somatic embryogenesis from transverse thin cell layer (TCL) explants, dissected from three sections (basal, medial, and apical) of lateral offshoots of adult plants cultured on different concentrations of 4-amino-3,5,6-trichloropicolonic acid (picloram). After swelling and development of primary callus in all treatments, without any strong effect of explant origin or picloram concentration, it was possible to observe the formation of embryogenic structures and the exact point from where they developed. Browning was also observed and correlated to the induction treatments, although it was not an impairment for the production of embryogenic structures. Subsequent maturation and conversion of somatic embryos into plantlets allowed their acclimatization 17 months after culture initiation (ACI), which was quicker than previous reports with juvenile tissues (from embryos or seed-germinated plantlets). To the best of our knowledge, this is the first report on peach palm regeneration through somatic embryogenesis from TCL explants from adult plants and could constitute, after fine-tuning the acclimatization stage, a tool for mass clonal propagation of elite genotypes of this open-pollinated crop, as well as for the establishment of conservation strategies of in situ gene bank plant accessions endangered due to aging and other threats.
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Introduction

Peach palm, also known as pejibaye, chontaduro, or pupunha (Bactris gasipaes Kunth—Arecaceae), is considered the most highly domesticated palm species in the Neotropics and of economic importance in several countries of the American continent (Clement, 1988; Mora-Urpí et al., 1997; Galluzzi et al., 2015), with fruit and palm heart being its most important products found in the market (Clement and Mora-Urpí, 1987; Clement, 2008). The consumption of peach palm fruit was already important during pre-Columbian times (Clement et al., 2004), and its nutritional and functional value has been the subject of recent analyses (dos Santos et al., 2020; da Costa et al., 2022). However, the significant variability found in the composition of fruits from different accessions highlights the importance of having efficient systems for the propagation of selected materials (Hempel et al., 2014; Chisté et al., 2021).

Seed propagation is the usual method for establishing new peach palm plantations. However, due to allogamy and self-incompatibility, the variability usually found in natural and cultivated populations is very high (Clement and Arkcoll, 1984). Performing controlled pollination is challenging due to the tall height that plants reach in the field, which makes it difficult to conduct targeted crosses between genotypes (Mora-Urpí, 1980). Therefore, vegetative propagation has been considered for establishing commercial plantations with selected genotypes. However, the use of offshoots (tillers) has given only partially positive results and at relatively low rates (Flores et al., 2012), while micropropagation has been considered a possibility worth further exploration (Stefenon et al., 2020).

Somatic embryogenesis has been described as the most efficient pathway to obtaining plants in this species. While different explants have been tested, e.g., shoot tips, adventitious buds, leaf primordia, zygotic embryos, inflorescences, and transverse thin cell layers (TCLs) (explants consisting of a few cell layers, usually 0.5–1.0 mm thick, TCLs) (reviewed by Stefenon et al., 2020), it is with the latter that most success and highest reproducibility have been obtained. Effective induction of somatic embryogenesis by using TCL has been reported in many species. Thin explants have shown higher response rates to in vitro conditions as compared to more voluminous ones, probably due to a larger surface area in contact with the surrounding environment and, thus, better perceiving chemical and physical stimuli (Teixeira-Da Silva and Dobránszki, 2019).

However, in the peach palm, explants for in vitro propagation have been obtained mostly from zygotic embryos or seedlings from seeds germinated ex vitro or in vitro, which does not meet the objective of clonally multiplying evaluated and selected materials. Only two recent papers mention clonal propagation of peach palms from adult tissues. de Almeida and de Almeida (2006) reported plant regeneration through somatic embryogenesis from isolated adult leaf primordia but without providing quantitative data, while Steinmacher et al. (2007b) used immature inflorescences from adult plants as starting material to obtain only a few plants. Therefore, this work aimed to establish an efficient protocol based on somatic embryogenesis for in vitro propagation of peach palm through TCL from offshoot tips of adult plants looking at the mass clonal propagation of elite genotypes and rescue of endangered individuals in in situ collections.



Materials and methods


Plant material

Thirty-three offshoots, approximately 1.3 m tall (Figures 1A,B), from adult peach palm (Bactris gasipaes Kunth cv. Diamantes 10) plants, growing at the germplasm bank of the Instituto Nacional de Innovación y Transferencia en Tecnología Agropecuaria (INTA), located at the Experimental Station “Los Diamantes” of the Ministry of Agriculture and Husbandry of Costa Rica, located in Guápiles, Limón (latitude: 10.2594, longitude: 83.7715), were used as experimental material. The material was collected in May 2016. Offshoots were trimmed directly in the field to approximately 50 cm in length (Figure 1B) and subsequently cut down in the laboratory to ca. 15 cm in length. These samples had 2–3 layers of leaf sheath (LS) covering the meristematic region (Figure 1C).
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FIGURE 1
Steps for peach palm explant preparation. Field material (A), offshoots trimmed in the field (B), explant pre-dissected for disinfection (C), further dissection (D,E), position of the explant sections [apical (ap)–medial (me)—basal (ba)] (F), and transverse thin cell layer (explant dissected from each section) on the culture medium with leaf sheath (LS), and leaf sheath margins (LM) marked (G). Black bars scale equivalent to 45 cm (A), 18 cm (B), 3 cm (C), 1 cm (D), 1.3 cm (E), 8 mm (F), and 1 mm (G).




Disinfection and dissection

Explants were scrubbed in the laboratory with cotton balls moistened with ethanol (70% v/v). They were then disinfected individually in glass containers, first by stirring in ethanol (70% v/v) for 2 min and then in a solution of sodium hypochlorite (2% w/v active ingredient) supplemented with two drops of the Tween 80 surfactant (Sigma-Aldrich, St. Louis, MO, USA) per 100 ml, for 35 min. The explants were then rinsed twice with sterile distilled water inside the laminar flow chamber. For dissection, the outer layers covering the meristem were removed with a scalpel and forceps until the explant was approximately 3 cm in length (Figures 1D,E). Subsequently, each explant was divided into three sections of approximately equal size (apical–medial–basal) (Figure 1F). Thin transverse layers about 0.3 mm thick (TCLs) were dissected from each section for culture (Figure 1G) and histological analysis. Transverse TCLs were preferred over longitudinal TCLs because the tissue composition in the former is usually more diverse. This would allow us to increase the responsiveness rate while permitting identifying the particular tissue/explant section responding to the treatments.



Culture and evaluation

Transverse TCLs were placed with the basal cut in contact with the culture medium composed of the Murashige and Skoog (1962) salts, supplemented with Morel and Wetmore (1951) vitamins, sucrose (30 g L–1), glutamine (0.5 g L–1), Phytagel™ (2 g l–1) (Sigma-Aldrich, St. Louis, MO, USA), activated charcoal (1.5 g L–1) (Steinmacher et al., 2007c; Heringer et al., 2014; Ree et al., 2019), and contained in 9-cm Petri dishes (ca. 25 ml of medium in each). In this phase, fifteen “induction” treatments were tested considering the combination of the three positions of the explant sections and five picloram (4-amino-3,5,6-trichloropicolonic acid) concentrations (150, 300, 450, 600, and 750 μM).

Cultures were placed in dark conditions at 23°C–24°C. Non-contaminated explants were evaluated and subcultured every 4 weeks on the same medium. Monthly evaluations included contamination, browning, callus, and embryogenic structure formation rates. Subsequently, tissue samples collected from explants showing embryogenic development were examined histologically.

Explants that developed somatic embryos were transferred to the “Development” medium, composed of the basal medium but with a lower picloram concentration (10 μM), contained in 9-cm Petri dishes and under dark conditions at 23–24°C. After 2 months, cultures with mature somatic embryos were transferred to the “Conversion” culture medium, in which picloram was replaced by abscisic acid (ABA) (5 μM), also contained in 9-cm Petri dishes and under the same conditions described above. Finally, after two additional weeks, these explants were transferred to the culture medium without plant growth regulators in glass flasks (5.5 cm in diameter and 7 cm in height) and under light conditions (12 h photoperiod, 19 μmol m–2 s–1) and a temperature of 23–24°C, to form plantlets (Steinmacher et al., 2007c; Heringer et al., 2014; Ree et al., 2019).



Ex vitro acclimatization

Plantlets (at least 3 cm tall, from stem base to tip, with more than four roots and at least three developed leaves) were selected for acclimatization. All traces of the culture medium were carefully removed from the roots. The plants were subsequently placed in plastic pots containing peat moss (Jeffy Products International B.V., Moerdijk, Netherlands) and perlite (Specialty Vermiculite Corp., Florida, USA) in a 2:1 ratio. The acclimatization process was carried out in a chamber covered with plastic film (25°C and 74.6% relative humidity). Watering was done manually, once a week, avoiding excess moisture in the substrate. Two weeks later, the plants were fertilized with a foliar spray of Multimineral (2.5 ml L–1) (Albion Laboratories Inc., Utah, USA) and N-Control (10 ml L–1) (Drexel Chemical Company, Memphis, USA). At that same moment, 0.3 g L–1 Benomyl (50 WP, Cafesa, Costa Rica) was sprayed on the acclimatized plants.



Histological analyses

Initial explants and embryo clusters were sampled several times for histological examination. Tissues were first immersed in a formalin–acetic acid–alcohol (FAA) solution for 8 days at room temperature. FAA was removed by rinsing the tissues with distilled water for 5 min at 67°C. Tissue dehydration was conducted through a gradient of ethanol dilutions (60, 70, 80, and 90% v/v at 67°C for 5 min each). Further dehydration was then performed by immersing the samples in: ethanol (95% v/v) at 67°C for 10 min; ethanol (100% v/v) at 67°C for 10 min (repeated twice); a 1:1 solution of ethanol/xylol at 67°C for 10 min; two back-to-back solutions of xylol at 67°C for 10 min; a 1:1 solution of xylol/paraffin at 60°C for 60 min; and finally, two consecutive immersions in a paraffin/paraplast solution at 60°C for 60 min. Tissues (frozen blocks) were subsequently sliced 5 μm thick with a rotary microtome (American Optical 820, Buffalo, USA). Paraffin was removed from the tissues using xylol and ethanol dilutions. Tissues were stained with toluidine blue (1% w/v) for 20 min, followed by 15 s wash with tap water. Finally, the samples were dehydrated and rinsed by immersing them for 2 min in ethanol (95% v/v), ethanol (100% v/v), ethanol (100% v/v), and xylol solutions. Finally, under xylol immersion, resin (Paraplast, Permount) was added to each sample (one at a time) and a coverslip was placed over each one (Benavides-Acevedo, 2021). Slides were examined with an inverted microscope Vert A1 (Zeiss, Goettingen, Germany) and with a Leica DM500 light microscope (Leica Microsystems, Heerbrugg, Switzerland). Images of the most representative preparations were captured with a Leica ICC50 digital camera (Leica Microsystems, Heerbrugg, Switzerland). GIMP-2.10 was used to adjust contrast and brightness.



Statistical analysis

A one-way chi-square test was used to determine whether the frequencies in each treatment (explant position or picloram concentration) were statistically different from each other at each evaluation date. A chi-square test was conducted for results involving the development of primary callus and somatic embryos, as well as of explant browning. Subsequently, for the comparison of means, data were analyzed using Tukey’s test with 95% reliability. All analyses were performed with R software, version 4.0.3 (R Core Team, 2020).

At least nine replicates were used in each treatment (explant position or picloram concentration), with three explants per replicate. Fifteen “induction” treatments were tested considering the combination of the three-explant positions (apical, medial, and basal) and five picloram concentrations (150, 300, 450, 600, and 750 μM).




Results


Explant histology and callus induction and characterization

Explants (dissected offshoot tips, Figure 1F) were histologically characterized before culturing the TCLs. Transverse sections show details of the general structure of the cultured elements (Figure 1G), with the leaf sheath margins (LMs) located on both sides of the LS (Figure 2A). The distribution of the vascular bundles (VB) in the LS showed a pattern oriented toward the LM (Figure 2A). The LM showed enhanced density of smaller cells (darker tone in Figures 2B,C). It is important to emphasize that it was in the area marked with a green box in Figure 2B that embryogenic structures arose in response to the different treatments, as will be detailed later.
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FIGURE 2
Histological analysis of a peach palm transverse section dissected from initial explants (Figure 1F). Medial transverse section, with leaf sheath margin (LM), leaf sheath (LS), in concordance with Figure 1G, and vascular bundles (VB) (A). Magnification of LM (red square) showing dense cells in the LM and denoting the responsive and competent tissue beneath its base (green rectangle) (B). Further magnification of the responsive zone just underneath the LM (C). Black bars scale equivalent to 500 μm (A), 200 μm (B), and 50 μm (C).


All explants, regardless of treatment (position or picloram concentration), started to increase in volume on day 22 after culture initiation (ACI). At the same time, some of them also began to form undifferentiated tissue (primary callus). This primary callus was white, fibrous, contained disorganized globular structures (Figure 3), and developed on the surface of the LS of swollen explants. Callus formation increased continuously over time until a steady phase (with 80–90% of explants having developed callus) was reached 197 days ACI (Figures 4A,B). There was no significant relationship between the original position of the explant in the growth axis (apical, medial, or basal) and the rate of callus formation (Figure 4A). The effect of picloram concentration was only evident at 79 days ACI when the explants on the treatment with 150 μM picloram began to show lower callus formation rates than the other treatments. This trend was maintained until the end of the experiment (Figure 4B). The fungal contamination of the explants was mainly detected during the first 8 days ACI and did not exceed 15% (63 out of 405). Additional contamination was sporadically detected from day 79 to 311 ACI (a further 37 explants).
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FIGURE 3
Peach palm primary callus formed on swollen TCLs, consisting of white and fibrous tissues. The black bar scale equivalent to 4 mm.
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FIGURE 4
Effect of the peach palm TCLs position (A) and picloram concentration (B) on undifferentiated tissue formation. p-value less than 0.01 (**) and less than 0.001 (***), according to Tukey’s test at 95% confidence level. Exact p-values and differences among treatments can be found in Supplementary material. At least nine replicates per treatment were analyzed.


Browning only partially affected the explants and was not lethal in any case. It began to be evident 8 days ACI in all treatments. From day 22, an effect of both the explant position and the picloram concentration on the rate of explants showing browning was observed (Figures 5A,B). The absence of significant interactions between the two factors (p > 0.05), meaning that picloram concentration had the same effect independently of explant position, compelled us to perform the post-hoc tests for each factor independently. Apical explants consistently showed lower browning rates than medial and basal ones throughout the 311-day evaluation period (Figure 5A). In contrast, the lowest picloram concentration showed the highest browning rate of all treatments (Figure 5B). In some explants that showed browning, callus and/or embryo formation occurred as well, meaning that they should not be discarded upon the appearance of these symptoms.
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FIGURE 5
Effect of the peach palm TCLs position (A) and picloram concentration (B) on browning of explants. p-value less than 0.05 (*), less than 0.01 (**), and less than 0.001 (***), according to Tukey’s test at 95% confidence level. Exact p-values and differences among treatments can be found in Supplementary material. At least nine replicates per treatment were analyzed.




Induction, development, and characterization of somatic embryos

The formation of embryogenic structures was observed on explants derived from the three positions on the growth axis (basal, medial, and apical) (Figure 6A) and with all the evaluated concentrations of picloram (Figure 6B), without any statistically significant difference between them. Of the total explants introduced, 5% (3–9% depending on the treatment) formed embryos within the time period evaluated (311 days ACI). A delay in the onset of the embryogenic response was evident for explants from the apical region (later than 141 days ACI) compared to those from the other two regions (79 days ACI), and of explants at the 150 and 750 μM concentrations of picloram, compared to the other concentrations (Figures 6A,B).
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FIGURE 6
Effect of the peach palm TCLs position (A) and picloram concentration (B) on induction of somatic embryogenesis (SE). p-value was above 0.05 in all cases according to chi-square test at 95% confidence level. Exact p-values can be found in Supplementary material. At least nine replicates per treatment were analyzed.


Embryogenic structures, semi-translucent and compact, formed directly on the swollen TCLs, specifically on the lateral parts of the LS (Figure 7A), where the LM is attached. Further growth of the embryogenic structures led to detachment of LMs if they had not detached before (Figure 7B), 3 months ACI (Figure 6B). This region is marked with a green box in Figure 2B. TCLs that neither formed primary callus nor developed embryogenic structures eventually died. Globular embryos were clearly defined by the protoderm and the absence of vascular connections to the surrounding tissues (Figure 7C). Subsequent development of individual globular embryos produced elongated structures (EE), probably scutellar or coleoptilar embryos (Figure 7D). These embryos also exhibited the presence of protoderm separating embryos from surrounding tissues and the development of procambium (Figure 7E). As explants continued to be cultivated with high doses of picloram (150–750 μM), new embryogenic structures continued arising, probably by secondary somatic embryogenesis, without any further development (without bud or root formation, Figure 7F), 5 months ACI.
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FIGURE 7
Induction and development of peach palm embryogenic cultures. Swollen TCL showing location of leaf sheath margins (LM) and of initial embryogenic structures (ES) (A). ES further increased their size causing detachment of LM (B). Histological analysis of globular embryos with protoderm (PD) (C). Elongated embryos (EE) (D) Histological sections of EE showing procambium (PC) and PD (E) Multiplication of somatic embryos forming embryogenic clusters (F). Black bars scale equivalent to 0.5 cm (A,B), 500 μm (C), 0.4 cm (D), 500 μm (E), and 0.7 cm (F).




Somatic embryo maturation and plantlet development

Subculture of 20 somatic embryo-bearing cultures (Figure 7F) to the “Development” medium resulted in further development of the elongated somatic embryos and globular embryos still present (Figure 8A). Subsequent transfer to the “Conversion” medium resulted in the formation and growth of shoot and root apices (Figure 8B). In addition, transfer to the culture medium devoid of plant growth regulators and light conditions caused the development of additional lateral shoots and roots in 12 of the 20 explants (60% conversion) previously subcultured in the conversion medium, leading to the formation of small shoot clusters (Figure 8C) after approximately 2 months. These embryos followed similar developmental patterns regardless of the original explant’s position and the initial picloram treatment. After dividing some relatively large clumps (with up to 12 shoots), a total of 25 plantlet clumps were obtained (Figure 8D). These clumps had four to 10 roots each. The estimated time to obtain shoot clumps was approximately 13 months ACI, and to obtain complete plantlets ready for acclimatization took approximately four additional months (17 months ACI).
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FIGURE 8
Development and conversion of peach palm somatic embryos into plantlets. Elongated and mature embryos after subculture in the “Development” medium (A), which later developed shoot and root apices when subcultured to “Conversion” medium (B). Explant with shoot and root clusters after transfer to medium devoid of plant growth regulators and to light conditions (C). Rooted plantlet clump after division of larger clump (D). Ap: apical shoot, R root. Black bars scale equivalent to 1 cm (A), 0.7 cm (B), 1 cm (C), and 2.2 cm (D).


Fourteen seedlings were acclimatized under the controlled conditions described in the section “Materials and methods” (Figure 9). However, 3 months after acclimatization, fungal symptoms, probably a consequence of high air relative humidity, were observed at the base of the stems, resulting in 43% mortality.
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FIGURE 9
Ex vitro peach palm plantlet as comes out of the in vitro phase 17 months ACI with 450 μM picloram (A) and during acclimatization (B). Black bars scale equivalent to 5 cm (A) and 10 cm (B).





Discussion


Explant anatomy and callus induction and characterization

Peach palm offshoot tips consist of the sheaths or basal sections of the leaves and leaf primordia (unexpanded juvenile leaves and sub-apical tissue), which embrace the stem and will give rise to the future pinnate leaves typical in palms (Steinmacher et al., 2013; Broschat, 2019). Transverse TCLs in this work were dissected from offshoot tips of adult plants (Figure 1), whereas the preceding work of Steinmacher et al. (2007c) used stem sections from in vitro-germinated seedlings. Most studies referring to the anatomy of palm meristems show longitudinal sections, where the meristematic dome and leaf primordia can be clearly observed (e.g., Fernando et al., 2003; Jouannic et al., 2011). In our case and in order to better identify from which part of the TCLs the embryogenic structures develop, transverse sections were obtained (Figure 2). A similar pattern for the distribution of the VB toward the LM was also previously described in peach palm (Fonseca et al., 2019). Higher cell density characterizes the LM, which in many cases is separated from the rest of the explant. It is beneath this section (green box in Figure 2B) where the responsive tissue is located, from which the embryogenic structures later develop. The constant division of meristematic cells will eventually promote the formation of primary vascular tissues and organs (Cutler et al., 2008; Jouannic et al., 2011). de Almeida et al. (2012) identified that pre-procambial cells (PPCs), derived from periclinal divisions after 8 weeks in culture, are essential for subsequent competent cell establishment events during peach palm organogenesis and somatic embryogenesis. In our observations, such PPCs are yet to be developed as the histological preparations were done with freshly dissected tissues before tissue culture, aiming at characterizing the original explant.

In contrast to Steinmacher et al. (2007c), who observed a strong effect of the picloram levels between 150 and 600 μM and of the explant position on peach palm primary callus induction, in the present work this effect was almost negligible. Only 150 μM picloram showed a significant reduction in primary callus induction (Figure 4B). Furthermore, in the present work, primary callus induction was observed 1–2 weeks earlier than in the report of Steinmacher et al. (2007c) (22 vs. 28–35 days ACI, respectively). These differences might be associated with a possible effect of the phenological stage of the explants [juvenile in Steinmacher et al. (2007c) vs. mature in our case]. Considering that juvenile explants are often preferred over more developed ones for tissue culture experiments, as young tissues usually respond more readily and more quickly to in vitro culture than those coming from aged plants (Weckx et al., 2019), the genetic background of the materials should not be overlooked in this case. The existence of genotypes more responsive and others less responsive to certain culture conditions is known to occur both in monocotyledonous and dicotyledonous species (reviewed by Jiménez, 2005) and was also described in somatic embryogenesis of peach palm (Steinmacher et al., 2007b), even with close-related genotypes (Steinmacher et al., 2013), as in our case [Diamantes-10 derives from Yurimaguas (Arroyo and Mora-Urpí, 2002), the plant material used by Steinmacher et al. (2007c) for their experiment].

The relatively low levels of contamination observed during the induction phase could be related to the degree of protection that the shoot tip receives from the various layers of leaf sheaths, although the presence of endophytes, as described by de Almeida et al. (2005), cannot be out-ruled. The subsequent appearance of contaminants later (progressively after 79 days ACI) could also be related to manipulation during subcultures.

Dissection of TCLs, which are explants with a very high surface-to-volume ratio, causes mechanical cell damage to a high proportion of the explant cells (Teixeira-Da Silva and Dobránszki, 2019). Wounding also brings compartmentalized cell contents into contact with each other, increasing oxidative damage by enzymatic reactions and rising levels of reactive oxygen species (Cassells and Curry, 2001). This could be reflected in the relatively high levels of browning observed in the present work (Figure 5), which exceeded those reported for transverse slices of peach palm inflorescences (<33%, Steinmacher et al., 2007b) and cryopreserved zygotic embryos (<46%, Steinmacher et al., 2007d). The lower browning observed in apical TCLs of peach palm agrees with the results of Al-Khayri (2018), who found less darkening in younger date palm tissues, which was related by Abohatem et al. (2011) to lower phenol content and decreased peroxidase activity in the same species.

Explants that produced less callus (150 μM picloram, Figure 4B) also darkened more frequency (Figure 5B), which is consistent with published evidence (reviewed by Viñas and Jiménez, 2011). However, it was also observed that darkened explants of peach palm could form a callus and even embryogenic structures, as has been reported for date palm (Al-Khayri, 2018), and has even been proposed to be a requirement for callus development in African oil palm (Almeida et al., 2020). Therefore, darkened or oxidized peach palm explants should not be discarded a priori, as they may still be responsive.



Induction, development, and characterization of somatic embryos

The absence of a significant effect of the picloram concentration and the original position of the explant in the growing axis on the induction of embryogenic structures (Figure 6) contrasts with the results of Scherwinski-Pereira et al. (2010) in oil palm and of Steinmacher et al. (2007c) in the peach palm. This may be related, as mentioned above, to the fact that we used adult explants, while the other two referred works used juvenile explants. In addition, Steinmacher et al. (2007c) obtained their explants from in vitro-germinated seedlings, a particular growing environment that could also have played a role. The earlier induction of the first somatic embryos (at 79 days ACI in our work) vs. the 140 days ACI required in the work of Steinmacher et al. (2007c) also shows an improved response that should not be overlooked because embryogenic development in some palm species has been categorized as a lengthy process (Pfenning et al., 1998). However, the best embryogenic response in our work was only one-fifth of the best one obtained by Steinmacher et al. (2007c) with 300 μM picloram and medial peach palm TCL explants, and one-fourth of that of Scherwinski-Pereira et al. (2010) with 450 μM picloram and basal African oil palm TCL explants. This may also be attributed to differences related to explant juvenility and genotype as detailed above.

Steinmacher et al. (2007c) also observed clearly discernible globular somatic embryos developing directly beneath the LM boundary. The location of this responsive zone may be favored by the constant division of the meristematic cells present there, which eventually promotes the formation of primary vascular tissues, leading subsequently to the formation of embryogenic structures (Cutler et al., 2008; Jouannic et al., 2011). The protoderm, separating the somatic embryos from the surrounding tissues, could also be observed (Figures 7C,E), similar to previous findings in somatic embryogenesis of peach palm (Steinmacher et al., 2007a,c) and other palm species (Moura et al., 2008; Silva et al., 2014). As they developed, some embryos elongated and the presence of procambium was more evident in their central zone, again without obvious vascular connection to the mother explant (Figure 7D). These signs of embryo polarization have been reported previously in peach palm (Steinmacher et al., 2007a,c, 2011; Padilha et al., 2015). Continuous culture with picloram arrested any further progression in the development of the peach palm somatic embryos. Still available embryos began to divide through secondary somatic embryogenesis, similar to what was observed for this same species (Steinmacher et al., 2011) and for Acrocomia palm (Moura et al., 2009).



Somatic embryo maturation and plantlet development

In general, after the maturation and conversion phases, the initial development of shoots and roots took place in the culture medium free of plant growth regulators and under light conditions, until complete plantlets were obtained (Figure 8), as also reported by Steinmacher et al. (2007b,c). Formation of shoot clumps (more than one growing axis per agglomerate) evidenced part of the advantages of using somatic embryogenesis in palms because of the possibility of obtaining more than one plant from each dissected explant (Viñas and Jiménez, 2011; Steinmacher et al., 2013). This is a relevant alternative for in vitro propagation of plants that present difficulties for conventional propagation, such as peach palm, to reduce the establishment time of elite plants and to set up conservation and rescue programs for genotypes with desirable characteristics (Steinmacher et al., 2007c; Viñas and Jiménez, 2011; Ree and Guerra, 2015). Plant death during acclimatization is not a rare event. This phase has been considered a bottleneck for plant micropropagation (Hassan et al., 2014), particularly in peach palm (Steinmacher et al., 2007c). Acclimation could be improved by supplementing the substrate with MS nutrients and by immersing the roots in fungicide solutions, as was done in date palm (Hassan et al., 2021). The results presented in this work are very promising, as they demonstrate the feasibility of mass propagation of adult peach palm elite plants from lateral offshoots by somatic embryogenesis from transverse TCL explants. This protocol could also be of great value for rescuing individuals conserved in ex vitro germplasm collections to avoid gene erosion due to plant aging and mortality.
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Culture in temporary immersion systems (TIS) is a valuable tool for the semi-automation of high frequency somatic embryogenesis of coffee. This system allows the intermittent exposure of explants to liquid medium in cycles of specific frequency and duration of immersion with renewal of the culture atmosphere in each cycle. TIS have revolutionized somatic embryogenesis of coffee plants as an alternative for scaling up and reducing costs associated with labor-intensive solid media culture. In Central America, somatic embryogenesis is employed on a commercial scale to produce F1 Coffea arabica hybrids. In Asia and Africa, somatic embryogenesis is used for the multiplication of selected genotypes of C. arabica and C.canephora. Somatic embryogenesis of coffee plants is considered a model system for woody species due to its biological versatility and low frequency of somaclonal variation. Nevertheless, the success of somatic embryogenesis for mass propagation of coffee plants depends on the development, optimization, and transfer of complementary technologies. Temporary immersion using the RITA® bioreactor is, so far, the best complementary tool for somatic embryogenesis of Arabica coffee for a single recipient with simple changes in liquid media. Likewise, high volume bioreactors, such as 10-L glass BIT® and 10-L flexible disposable plastic bags, have been successfully used for somatic embryogenesis of other coffee species. These bioreactors allow the manipulation of thousands of embryos under semi-automated conditions. The protocols, advantages, and benefits of this technology have been well documented for organogenesis and somatic embryogenesis pathways. However, adaptation in commercial laboratories requires technical and logistical adjustments based on the biological response of the cultures as well as the costs of implementation and production. This review presents the historical and present background of TIS and its commercial application and, in particular, pertinent information regarding temporary immersion culture for C. arabica somatic embryogenesis. The main limitations of this technology, such as hyperhydricity, asynchrony, and developmental abnormalities, are examined, and a critical analysis of current knowledge regarding physiological, biochemical, and molecular aspects of the plant response to temporary immersion is offered. Further, perspectives are provided for understanding and solving the morpho-physiological problems associated with temporary immersion culture of coffee plants.
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1 Introduction

Coffea arabica was introduced to Latin America in the 18th century, and the region accounts for 80% of the world’s production of this coffee. C. arabica is one of the main sources of income for many countries (Bertrand et al., 2011). According to the International Coffee Organization (https://www.ico.org/Market-Report-21-22-e.asp), the global coffee production has increased by more than 60% since 1990. The Arabica-to-Robusta ratio is approximately 60/40, and only 30% of the produce is consumed in coffee-producing countries. Therefore, coffee remains a basic export product.

C. arabica varieties grown in Latin America have a very narrow genetic base because they are derived from genealogical selections from a few individuals (Bertrand et al., 2005). Given the economic importance of Arabica coffee for Central America and the presence of the international coffee germplasm collection at the Tropical Agricultural Research and Higher Education Center (Centro Agronómico Tropical de Investigación y Enseñanza – CATIE), in Costa Rica, a Regional Genetic Improvement Program was initiated, involving the French Agricultural Research Center for International Development (Centre de Coopération Internationale en Recherche Agronomique pour le Développement – CIRAD), and regional coffee institutes. The program aimed at increasing the genetic variability of this species and developing more vigorous F1 hybrids than the currently grown varieties, with optimal agronomic characteristics such as disease resistance and cup quality (Bertrand et al., 2005). Albeit autogamous, C. arabica is highly heterozygous (Srinivasan and Vishveshvara, 1978); consequently, these hybrids can only be propagated vegetatively; therefore, since their creation, they have been propagated via somatic embryogenesis (SE) (Etienne and Bertrand, 2001).

SE is a high-efficiency propagation technique for early genetic gains through rapid and large-scale diffusion of elite individuals (Etienne et al., 2012). Crop production by SE is an intensive, slow, and expensive process, in contrast to plants grown from seed (Aguilar et al., 2017). Technical innovations such as embryogenic cell suspensions (ECS), SE in temporary immersion bioreactors (RITA®) (Berthouly et al., 1995; Etienne et al., 1997a), and direct somatic embryo sowing in the greenhouse have improved the coffee SE technique (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002). Recently, complementing SE with classic vegetative propagation techniques such as root cuttings from somaclones has improved hybrid multiplication and lowered production costs (Aguilar et al., 2018; Etienne et al., 2018).

After half a century of research and innovation, coffee SE has become a model for the SE of woody species and one of the few successful examples of propagating elite genotypes on a commercial scale. Unresolved technical problems, coupled with high production costs and the lack of promotion and financing policies, have limited the distribution of these hybrids in Central America for more than a decade (Aguilar et al., 2017). However, millions of coffee plants have been produced by this technology, the majority planted on commercial farms in Latin America, Africa and Asia (Etienne et al., 2018).

Nevertheless, new scientific approaches should be developed to increase the efficiency of C. arabica SE. Knowledge derived from tools such as epigenetics and omics will help decipher the complex mechanisms that regulate SE and optimize protocols with an increased scientific focus and impact.

This review aims at summarizing knowledge on C. arabica SE since its inception and analyzing the main innovations and their impact on the multiplication of elite plants. Given the importance of temporary immersion cultivation for coffee SE and micropropagation on a commercial scale, the evolution and application of this technology is reviewed, showing the main cultivation limitations of coffee SE in RITA® bioreactors. Due to the lack of scientific information on physiological changes related to C. arabica SE in RITA® bioreactors and the absence of an ecophysiological characterization of the culture environment in the bioreactor, studies on other species are included in this review to compare and understand explant responses to temporary immersion cultivation. The causes, manifestations, and possible solutions to different physiological and morphological disorders, such as hyperhydricity and asynchronous development, or genetic and epigenetic disorders, such as somaclonal variation (SV), are also presented in this review.

In addition, this review outlines how simple strategies have solved most problems associated with low germination and plant conversion rates under in vitro conditions while increasing hybrid multiplication and their scaling in the greenhouse at a reduced cost. However, these materials can only be transferred to the smallholder farmer if coffee-governing institutions commit to finding the necessary technical and financial mechanisms for facilitating this process.



2 SE: A powerful tool for clonal propagation of elite materials


2.1 General aspects of SE

SE is a process in which somatic cells can dedifferentiate into totipotent cells under appropriate conditions and reprogram their development towards the embryogenic pathway with the appropriate stimulus (Fehér et al., 2003; Jiménez, 2005; Karami et al., 2009; Guan et al., 2016; Aguilar-Hernández and Loyola-Vargas, 2018). A somatic embryo is a bipolar structure resembling a zygotic embryo, which develops from a somatic cell without vascular connection to the original tissue (Von Arnold et al., 2002). This bipolarity differentiates somatic embryos from in vitro-regenerated adventitious organs (shoots or roots), which are unipolar and have a vascular connection to the tissue of origin (Horstman et al., 2017).

SE is a unique experimental model for understanding the molecular and cellular bases of the development plasticity of a plant (Fehér et al., 2003). However, SE is a complex paradigm in the biology of plant development given the complexity of its regulatory mechanisms (Smertenko and Bozhkov, 2014). Comparative studies between zygotic embryogenesis (ZE) and SE of model species have deciphered numerous regulatory mechanisms and established similarities and differences between both embryogenesis processes. These processes share different morphogenetic states during embryo development in dicots, monocots, and gymnosperms (Zimmerman, 1993; Dodeman et al., 1997; Von Arnold et al., 2002; Fehér et al., 2003). Common regulatory mechanisms seem to be involved in the early globular embryo stages, in addition to signaling molecules, such as plant growth regulators (PGRs), which play a key role in the development of both types of embryos (Dodeman et al., 1997). ZE starts from a single cell and reaches the globular state consisting of a specific number of cells; SE starts from a cell or a group of cells and forms a globular structure with variable number of cells (Smertenko and Bozhkov, 2014). During the first zygote divisions or during early SE, the suspensor is formed in the basal embryo, a multicellular organ that determines the apical-basal polarity of the embryo (Zimmerman, 1993). Once differentiated, this organ is eliminated through the vacuole by programmed cell death (PCD), promoting cell proliferation at the apical end until the seedling is formed (Smertenko and Bozhkov, 2014). The absence of the endosperm in the somatic embryo, integuments, and desiccation and dormancy periods mark key differences in the processes, given their importance in zygotic embryo conservation and maturation during germination (Dodeman et al., 1997; Fehér et al., 2003).

SE encompasses two processes—induction and expression—which are independent of each other and influenced by different factors (Jiménez, 2005). Induction is the fundamental difference between ZE and SE because somatic cells need physical and chemical stimuli to acquire embryogenic competence (Dodeman et al., 1997; Fehér et al., 2003). Exogenous auxins are decisive during induction (Nomura and Komamine, 1985), given their role in cell dedifferentiation and in the transition of a somatic cell to the embryogenic state (Dodeman et al., 1997). During this period, the cells are exposed to variable physiological and stress conditions (exogenous PGRs or mechanical stress), dedifferentiating, reprogramming their gene expression, and inducing changes in their morphology, physiology and metabolism depending on their adaptability (Fehér et al., 2003; Namasivayam, 2007; Karami et al., 2009). The frequency of induction depends on the genotype, explant development stage (Namasivayam, 2007), and endogenous hormone levels (Jiménez, 2005).

During expression, embryogenic cells do not require external stimuli (auxins) to differentiate into somatic embryos (Nomura and Komamine, 1985; Yang and Zhang, 2010); however, stress conditions may trigger the process (Fehér et al., 2003). Embryogenic cells commonly appear as proembryogenic masses (PEMs) composed of small, isodiametric cells with a dense cytoplasm (Dodeman et al., 1997; Menéndez-Yuffá and García de García, 1997), a prominent nucleus and nucleolus, small vacuoles, and abundant starch granules, suggesting that they are cells with intense RNA synthesis and metabolic activity (Williams and Maheswaran, 1986).

In contrast to direct or low-frequency SE (LFSE), which originates directly from the explant without intermediate callus formation, indirect or high-frequency SE (HFSE) is mediated by callus formation (Williams and Maheswaran, 1986). HFSE is a multi-step regeneration process, which begins with the formation of PEMs and continues with the regeneration, maturation, and conversion of embryos into plants (Von Arnold et al., 2002). These embryogenesis mechanisms can occur simultaneously in the same explant, thereby hindering their differentiation (Guan et al., 2016).

SE is a tool with enormous potential for elite genotype multiplication on a commercial scale given the cell regeneration capacity and high proliferation rates of such genotypes, combined with the possibility of growing them in liquid medium, automating these cultures in bioreactors and planting them as synthetic seeds (Guan et al., 2016; Horstman et al., 2017). In genetic improvement, SE enables the multiplication of elite materials for evaluation purposes, shortening improvement cycles (Horstman et al., 2017; Pais, 2019), as well as plant regeneration during genetic transformation and somatic hybridization (Karami et al., 2009; Guan et al., 2016; Horstman et al., 2017), and cryopreservation and storage of embryogenic cultures for long-term clone evaluation (Aguilar et al., 1993; Engelmann et al., 1994; Florin et al., 1995; Egertsdotter et al., 2019). Hence, SE has been used for numerous agricultural species such as coffee (Zamarripa et al., 1991; Van Boxtel and Berthouly, 1996; Etienne et al., 1997a), cocoa (Aguilar et al., 1992; López-Báez et al., 1993; Alemanno et al., 1996; Maximova et al., 2002; Niemenak et al., 2008), and citrus (Tomaz et al., 2001; Pan et al., 2009), and forest species, including conifers (Lelu-Walter et al., 2006; Montalbán et al., 2012; Kim, 2015; Maruyama and Hosoi, 2019) and tropical and temperate angiosperms (Pintos et al., 2008; Lardet et al., 2009; Correia et al., 2012; Corredoira et al., 2015; Mignon and Werbrouck, 2018). However, only a few species have reproducible protocols for large-scale propagation and commercial planting (Etienne and Bertrand, 2001; Ducos et al., 2007a; Ducos et al., 2007c; Maximova et al., 2008; Etienne et al., 2012; Etienne et al., 2018). For most species, the commercial application of SE has many limitations associated with the genotype (Pais, 2019), low quality of the embryos, problems with embryo maturation and conversion into a plant (Jiménez, 2005), somaclonal variation (SV), and lack of reproducibility of the process (Etienne et al., 2012).



2.2 SE of coffee: A historical background

Since SE was first reported for Robusta coffee (Staritsky, 1970), different coffee species and their varieties (Söndahl and Sharp, 1977; Zamarripa et al., 1991; Van Boxtel and Berthouly, 1996; De Feria et al., 2003; Giridhar et al., 2004), clones (Ducos et al., 2003; Santana et al., 2004), and hybrids (Etienne et al., 1997a; Etienne and Bertrand, 2001; Etienne and Bertrand, 2003; Etienne et al., 2012; Aguilar et al., 2018) have been evaluated for their embryogenic competence. Stem (Staritsky, 1970; Nassuth et al., 1980) and leaf (Söndahl and Sharp, 1977; Dublin, 1981; Yasuda et al., 1985; Berthouly and Michaux-Ferriere, 1996; Hatanaka et al., 1999) explants and parts of zygotic embryos (Sreenath et al., 1995) were evaluated. Direct and indirect SE were first observed in C. arabica var. Bourbon leaves by Söndahl and Sharp (1977).

Subsequently, the culture conditions were evaluated (Söndahl and Sharp, 1977; Samson et al., 2006), in addition to assessing the effects of PGRs (Van Boxtel and Berthouly, 1996; Samson et al., 2006) and genotypes (Van Boxtel and Berthouly, 1996; Etienne et al., 1997a; Molina et al., 2002; Etienne et al., 2012). Histological analyses were also performed to determine the origin and development of somatic embryos (Michaux-Ferrière et al., 1987; Michaux-Ferrière et al., 1989; Menéndez-Yuffá and García de García, 1997).

Liquid medium cultures (Zamarripa et al., 1991; Van Boxtel and Berthouly, 1996), embryogenic cell suspensions (ECSs) (Zamarripa et al., 1991; Van Boxtel and Berthouly, 1996), and continuous (Zamarripa et al., 1991; De Feria et al., 2003; Ducos et al., 2007b) and temporary (Etienne et al., 1997a; Albarrán et al., 2005; Ducos et al., 2007a; Ducos et al., 2007b) immersion bioreactors considerably advanced propagation to a commercial scale. According to Etienne et al. (2018) this technology has allowed the industrialization and commercialization of SE coffee for more than 15 years. More than 20 million plants of C. arabica have been distributed in Central America in the last 10 years. In addition, Nestlé projected a worldwide distribution of 220 million plants of both crops by 2020. Apart from hundreds of plants that have been distributed by smaller laboratories.

Innovations such as directly sowing embryos in a greenhouse (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002), rooting cuttings from somatic embryos (Mesén and Jiménez, 2016; Georget et al., 2017), and studying SV (Etienne and Bertrand, 2001; Etienne and Bertrand, 2003; Menéndez-Yuffá et al., 2010; Bobadilla Landey et al., 2013; Bobadilla Landey et al., 2015; Muniswamy et al., 2017) and the agronomic performance of SE plants (Ducos et al., 2003; Bertrand et al., 2005; Bertrand et al., 2011; Marie et al., 2020) have led to the successful scaling of elite coffee genotypes.

Simultaneously, techniques such as cryopreservation (Florin et al., 1995; Bertrand-Desbrunais et al., 1998), genetic transformation (Van Boxtel et al., 1995; Hatanaka et al., 1999; Quiroz-Figueroa et al., 2002; Rosillo et al., 2003; Gatica-Arias et al., 2008; Ribas et al., 2011), and protoplast culture (Schöpke et al., 1987; Acuña and De Peña, 1991; Toruan-Mathius, 1992; Tahara et al., 1994) have harnessed the benefits of HFSE and ECS culture for their regeneration processes.

Technologies such as epigenetics (Bobadilla Landey et al., 2013; Bobadilla Landey et al., 2015; Etienne et al., 2016) and omics (Arroyo-Herrera et al., 2008; Mukul-López et al., 2012; Nic-Can et al., 2013; Silva et al., 2013; Silva et al., 2014; Freitas et al., 2017; Awada et al., 2019) are revolutionizing knowledge on the cellular, molecular, genetic, and epigenetic mechanisms that regulate coffee SE. Genomics (Karami et al., 2009), and proteomics (Guan et al., 2016) have made it possible to identify a large number of genes and proteins involved in different cellular processes of SE. The Brazilian Coffee Genome Project (Vieira et al., 2006) achieved the sequencing of 214.964 ESTs (Expressed Sequence Tags) in genes from different tissues including embryogenic calli and zygotic embryos of C. arabica, C. canephora and C. racemosa. Sequences potentially involved in SE processes were identified and could be used to develop molecular markers in order to increase the methodological efficiency of coffee SE protocols (Silva et al., 2013; Silva et al., 2015). Homologous sequences of genes linked to different phases of SE in other species [LEAFY COTYLEDON (LEC1/LEC2), WUSCHEL-RELATED HOMEOBOX (WUS), SE RECEPTOR KINASE (SERK), BABY BOOM (BBM)] have been identified in coffee (Campos et al., 2017). LEC expression in coffee was observed after SE induction, therefore, it is considered essential during embryo maturation (Nic-Can et al., 2013). They showed that the embryogenic capacity of C. canephora regulated by the LEC1, BBM1 and WUS WOX4 genes is under epigenetic control. The initiation of SE, cell differentiation and embryogenic development are regulated by epigenetic mechanisms, such as DNA methylation and histone modification.

A WUS heterologous promoter of embryogenic induction in somatic cells and embryo differentiation was identified in C. canephora (Arroyo-Herrera et al., 2008; Silva et al., 2013). The homologous sequences CaSERK (Silva et al., 2014) and CaBBM (Silva et al., 2015) were found in EC and ECS of C. arabica. Similarly, Ethylene Response Factor (ERF) genes associated mainly with biotic and abiotic stresses have also been observed in EC and ECS of coffee and other species (Daude et al., 2020). Variations in the quality of the ECS over time were observed by the decrease in the expression of these genes and associated with the appearance of non-embryogenic regions after 60 days of culture (Torres et al., 2015). Finally, the validation of reference genes for SE of C. arabica has also been studied by means of Quantitative real-time PCR (qPCR) analysis (Freitas et al., 2017).

In addition, genome editing technologies based on highly efficient genetic transformation and plant regeneration systems offer great opportunities for functional genomics and molecular breeding (Etienne et al., 2018). CRISPR/Cas9 technology has been successfully used to introduce mutations into the coffee genome (Breitler et al., 2018).

Proteomic studies on SE have been performed in numerous species including coffee (Tonietto et al., 2012; Campos et al., 2016). Proteomic profiles allowed to identify specific proteins for different phases of coffee SE with potential as molecular markers. Proteins such as enolases, could be used as markers of the different phases of coffee SE (Tonietto et al., 2012); others such as 11S storage globulins may be useful for the identification of embryogenic and non-embryogenic genotypes (Tonietto et al., 2012). Mukul-López et al. (2012) evaluated the extracellular proteomic profile of cell suspensions of C. arabica and C. canephora, in cell proliferation culture and during SE induction. In both species, specific proteins of the embryogenic states and others typical of the non-embryogenic condition were observed.

In addition, the elaboration of metabolomic and hormonal profiles in each phase of the SE of coffee has allowed to characterize the cellular metabolism and its interaction with the hormonal mechanisms, as already mentioned (Awada et al., 2019).

Molecular markers of coffee are also used to analyze the genetic and epigenetic stability of DNA from plants regenerated via SE (Bobadilla Landey et al., 2013; Bobadilla Landey et al., 2015; Muniswamy et al., 2017).



2.3 Features of SE of C. arabica


2.3.1 Development phases and influencing factors

C. arabica SE consists of different growth phases, defined by the composition and nature of the culture media (i.e., whether the medium is solid or liquid), with continuous agitation or temporary immersion, and by the presence or absence of light. These conditions have been improved to increase the embryogenic response of different genotypes (Van Boxtel and Berthouly, 1996; Etienne et al., 1997a; Etienne-Barry et al., 1999; Albarrán et al., 2005; Samson et al., 2006; Etienne et al., 2013).

Table 1 presents C. arabica SE divided into five laboratory phases and one greenhouse phase (Aguilar et al., 2018). The culture media are outlined in Table 2. The Murashige and Skoog (1962) medium is used in most of the processes, except for embryo regeneration, for which the Yasuda et al. (1985) medium is used. The morphogenetic events that characterize each phase are shown in Figure 1 (Aguilar et al., 2018).


Table 1 | Phases of Coffea arabica somatic embryogenesis, culture conditions, duration and biological responses associated with each phase.




Table 2 | Culture media components used in each phase of C. arabica somatic embryogenesis, including mineral salts, vitamins, growth regulators, organic additives and pH.






Figure 1 | Induction and multiplication of EC and regeneration of somatic embryos. (A) Explant after one month of culture in darkness in the T1 medium, showing callus cicatrization; (B) brown color explants showing the EC; (C) mass of friable EC; (D) initiation of cellular suspensions in multi-cavity dishes with liquid T3 medium; (E) establishment of ECS in Erlenmeyer flasks; (F) regeneration of EC on semi-solid Yasuda medium; (G) regeneration of ECS on filter paper in semi-solid T4 medium; (H) torpedo embryos in the germination phase at RITA®; (I) embryos in conversion phase in RITA®; (J) plants starting the acclimatization phase; (K) plants at the end of the acclimatization phase.





2.3.2 Embryogenic callus induction

The explant, genotype, culture media composition, and in vitro culture environment are some of the factors that affect C. arabica SE (Campos et al., 2017). Immature leaves are the best explants for inducing SE in this species (Van Boxtel and Berthouly, 1996). Other factors associated with the embryogenic response depend on the growth conditions of the mother plant (Berthouly and Michaux-Ferriere, 1996), explant collection month (Molina et al., 2002), and physiological state of the donor plant (Campos et al., 2017).

Considering the variability in EC formation among genotypes, Arabica coffee SE is a genotype-dependent process. The genotype has a strong effect on the induction of both (low- and high-frequency) embryogenic pathways (Van Boxtel and Berthouly, 1996; Molina et al., 2002). This effect was also observed in C. arabica and C. canephora cultivars as a function of explant type (Giridhar et al., 2004) or culture medium composition (Rojas-Lorz et al., 2019). F1 hybrids are also genotype dependent, with differences in the embryogenic explant frequency and EC quality between genotypes (Etienne et al., 1997a). Depending on the hybrid, only 10–40% explants with a healing callus produce embryonic calluses (Etienne et al., 2012). This effect is carried over to the other development phases, and low-embryogenic hybrids are recalcitrant (Etienne et al., 1997a). The time of EC onset varies among F1 hybrids; some produce large quantities between 4 and 6 months, whereas others are more recalcitrant and take between 8 and 10 months to produce embryonic calluses (Aguilar et al., 2017). The frequency of SV is also genotype dependent in this species (Etienne and Bertrand, 2001; Etienne and Bertrand, 2003; Campos et al., 2017).

Söndahl and Sharp (1977) achieved HFSE in C. arabica through a two-step process: first, a culture was performed with auxins for explant conditioning and primary callus induction; and second, an auxin-free culture was performed for EC formation. HFSE is more widely used for its high yield in embryo production (Berthouly and Michaux-Ferriere, 1996) and for the possibility of using liquid medium for the mass production of embryos (Neuenschwander and Baumann, 1992; Van Boxtel and Berthouly, 1996). Changes in the concentration of culture medium components and PGRs (auxins and cytokinins) improved EC yield and production time (Van Boxtel and Berthouly, 1996; Samson et al., 2006).



2.3.3 Importance of establishing embryogenic cell suspensions

Once the EC was obtained, its multiplication in ECS was the main goal (Van Boxtel and Berthouly, 1996; Etienne et al., 1997a; De Feria et al., 2003). Van Boxtel and Berthouly (1996) achieved high EC multiplication rates in a modified liquid medium with a high (4.5 µM) concentration of 2,4-D (2,4-dichlorophenoxyacetic acid) and subcultures with fresh medium every 7 or 10 days. However, the impact of high concentrations of 2,4-D on the SV forced them to reduce the concentration of auxins and the culture time (Etienne et al., 2012; Bobadilla Landey et al., 2013; Bobadilla Landey et al., 2015). Cell suspensions enable EC multiplication and maintenance, the development of regeneration cycles, and the inoculation of large volumes of EC during the regeneration and conversion phases in liquid medium. Approximately 1 L of undifferentiated tissue is sufficient to inoculate 20−30 L of embryogenic culture at a density of 1 g FW L-1, and each gram can produce up to 50 thousand plantlets (Ducos et al., 2007b). ECS are very useful for EC multiplication in poorly embryogenic genotypes (Aguilar et al., 2017; Aguilar et al., 2018). In addition, cell lines of interest can be stored and preserved in liquid nitrogen (Florin et al., 1995).



2.3.4 Pathways for regeneration, germination, and conversion to plants

Van Boxtel and Berthouly (1996) used liquid medium followed by mature embryo transfer to solid germination medium for ECS regeneration, while Etienne et al. (1997a) used solid medium for ECS regeneration. ECS of F1 hybrids was regenerated on Yasuda or T4 solid media (Aguilar et al., 2018). In hybrids that produce a considerable number of embryonic calluses, regeneration on solid media is a quick method (2−2.5 months) for developing high-quality torpedo embryos. Addition of PGRs and other substances to solid or liquid media accelerates regeneration rates (Papanastasiou et al., 2008) and improves embryo quality (Quiroz-Figueroa et al., 2001).

Embryo pre-germination in liquid medium was used as a quick method for growing the plant (Aguilar et al., 2018). Regenerated embryos (1.25 g) were inoculated in Erlenmeyer flasks (250 mL) with 50 mL liquid growth medium and placed in the dark with constant agitation. After 15 days of incubation, cotyledonary embryos were transferred to a solid medium for plant conversion. Hundreds of high-quality plantlets grew within 8 weeks, without hyperhydration problems (Figure 2).




Figure 2 | Germination of somatic embryos and conversion into plants in semi-solid T5 medium. (A) Regeneration of EC on semi-solid Yasuda medium; (B) pre-germination of embryos regenerated in liquid T5 medium in Erlenmeyer flasks; (C) conversion into plants in semi-solid T5 medium; (D) plants showing root development.



A French group started the use of RITA® temporal immersion bioreactors for the ECS regeneration phases, embryo germination and plant conversion (Berthouly et al., 1995; Etienne et al., 1997a). Subsequently, the germinated embryos were converted into plant by direct sowing into the soil (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002).



2.3.5 Histo-morphological and biochemical characteristics of SE

The development of the coffee somatic embryo is characterized by different histological and morphological stages that include the preglobular, globular, heart, torpedo and cotyledonary phases (Nakamura et al., 1992). Histological C. arabica SE development was described by different authors (Söndahl et al., 1979; Michaux-Ferrière et al., 1987; Michaux-Ferrière et al., 1989; Nakamura et al., 1992; Tahara et al., 1995; Menéndez-Yuffá and García de García, 1997). The primary callus proliferates from the spongy mesophyll and perivascular cells of the leaf explant (Michaux-Ferrière et al., 1987; Menéndez-Yuffá and García de García, 1997), but embryogenic cells appear in the periphery of this callus after 20 days of culture, without forming proembryos; some cells become proembryos and then bipolar embryos up to 60 days of culture (Michaux-Ferrière et al., 1989). Embryogenic callus is yellow and friable, with small, isodiametric cells, with dense cytoplasm, prominent nucleus and nucleolus. Non-embryogenic callus is translucent, aqueous, with elongated cells, large vacuoles and without cytoplasmic organelles (Söndahl et al., 1979; Gatica-Arias et al., 2008; Padua et al., 2014; Silva et al., 2014). Embryogenic cells are mitotically active and have high starch (Michaux-Ferrière et al., 1987) and protein (Tahara et al., 1995) contents, whereas proembryos accumulate reserve substances in moderate amounts (Michaux-Ferrière et al., 1987; Michaux-Ferrière et al., 1989). The polarized growth of embryogenic cells occurs after transfer to a hormonally different medium, giving rise to proembryos, which subsequently become somatic embryos (Michaux-Ferrière et al., 1987; Santana-Buzzy et al., 2007). The single-cell origin of coffee SE was observed in somatic embryonic stem cells (Nakamura et al., 1992) and in indirect (Menéndez-Yuffá and García de García, 1997) and direct SE in different C. arabica genotypes (Quiroz-Figueroa et al., 2002).

Morphological and histological criteria were evaluated during germination and conversion of somatic embryos in cotyledonary stage and produced in RITA® (Etienne et al., 2013). In the cotyledonary stage, the epidermis of the embryo is well differentiated, however, the embryos lack meristems, the vascular tissue is in formation, as well as the axis of the embryo. After 4 or 6 weeks, the cotyledons showed spongy and palisade mesophyll similar to leaves and vascular tissue was formed. After 10 weeks, a well-formed apical meristem and an axis with two axillary buds were observed. At 12 weeks, the embryos had roots and 60% had a stem and two leaves. It is remarkable that the levels of protein and starch reserves were extremely low throughout the process.

A global analysis of the metabolome and hormonal dynamics was performed using the SE of C. arabica, from explant dedifferentiation to embryo development, with the aim of understanding the mechanisms that regulate cell fate and totipotency (Awada et al., 2019). The analysis revealed the existence of five development phases known as “leaf”, “leaf explant dedifferentiation”, “callus”, “redifferentiation” (embryogenic cell clusters to embryoid structures), and the “embryo development” (globular to torpedo-shaped embryos) and four phase changes or transition periods. The dedifferentiation process was characterized by a strong decrease in the levels of phenolic compounds and caffeine; while hormone levels (auxins, cytokinins and ethylene) reached their highest point. In the callus phases, the maximum expression of totipotency was observed, coinciding with the shut-off of the hormonal and metabolic pathways related to the hydrolysis of sugars and reserve substances. The study makes an extensive characterization of the metabolic pathways and the metabolites involved in each phase of development and the transition periods. The accumulation and/or decrease of specific metabolites, including sugars, amino acids, hormones, and chlorogenic acids, is presented. Substances such as abscisic acid, leucine, maltotriose, myo-inositol, proline, zeatin, and tricarboxylic acid cycle metabolites are key metabolic markers of the embryogenic capacity. This knowledge is essential to more accurately understanding and manipulating the mechanisms that regulate the expression of coffee SE.





3 Temporary immersion culture: an efficient technology for SE scaling and plant production


3.1 Temporary immersion culture in plant biotechnology: A historical background

Micropropagation is carried out commercially only for a limited number of crops. The current technique uses a large number of containers and semi-solid media and considerable labor is involved, increasing the production cost and limiting automation. It has been concluded that commercial application of micropropagation for plant species can only take place if new automated technology is available and if acclimatization protocols are improved (Kitto, 1997).

To overcome the shortcomings of the conventional micropropagation techniques, new methods have been developed using liquid media and bioreactors. The use of liquid media has many advantages for plant micropropagation because they provide more uniform culturing conditions, increase nutrient uptake, promote growth, and reduce plant production costs and are a key factor for automation (Aitken-Christie, 1991). However, the major problems associated with liquid media are asphyxiation and hyperhydricity and, in agitated liquid medium, the shear damage (Etienne and Berthouly, 2002). Temporary immersion reduces these problems; because of the short periods of immersion, asphyxiation does not occur, and because of limited convection of the medium, shear damage is minimized. Teisson and Alvard (1995) described temporary immersion culture as a novel concept for the use of liquid medium in plant tissue culture for the first time.

Since then, a large number of temporary immersion systems (TIS) have been designed; their main differences lie in the type and size of the containers, the method of providing nutrients to the liquid culture (mechanical or pneumatical), and the use of a simple timer or computerized immersion control. Other differences include the recycling of the medium and separation between the plant and medium container. However, the common characteristic of these systems is that containers are larger than conventional culture vessels and have the facility to pass light. Some of them were illustrated and described by Etienne and Berthouly (2002) and grouped by design into four types: systems with rocker machines designed to achieve temporary immersion to combine aeration and the favorable effect of liquid medium culture (Harris and Mason, 1983; Adelberg and Toler, 2004; Robert et al., 2006; Bello-Bello et al., 2010; Peña-Ramírez et al., 2010); systems with complete immersion and a liquid medium renewal mechanism (Tisserat and Vandercook, 1985); systems with partial immersion and with a liquid nutrient renewal process (Aitken-Christie and Davies, 1988; Simonton et al., 1991); and systems with complete immersion of plant material by pneumatic driven transfer of liquid medium and without medium renewal RITA® (Alvard et al., 1993) and Twin- flasks system (BIT®) (Escalona et al., 1999). The EBB and FLOW bioreactor (Ziv, 2005) was designed for mass propagation and was operated on the Osmotek LifeReactor System (Product Number 800 554), and its principle was similar to that of RITA® and BIT®.

The operational principles and technological design of the most popular TIS have been reviewed by Georgiev et al. (2014). A common feature of all of them is the simple design, low cost utilization, and interchangeable plastics components. The SETIS™ system (Vervit, Karnemelkstraat, Zelzate, Belgium) operates in a similar way as the Ebb and Flow TIS system. PLANTIMA (A-tech Bioscientific Co, Ltd., Huayin St., Zhongshan Dist., Taipei, Taiwan) (Yan et al., 2011) and PLANTFORM bioreactors (Plant Form AB, Hjärup, Skåne, Sweden £ TC propagation Ltd., Ireland) (Welander et al., 2014) operate on the same principle as that of RITA®. Box-in-Bag is a disposable TIS, operating on the principle of the Ebb and Flow Temporary Immersion (Ducos et al., 2007c; Ducos et al., 2008). The WAVE bioreactor is a mechanical rocking platform that uses disposable sterilized bags (Eibl and Eibl, 2008). A new 5-L temporary immersion system bigger than RITA® called MATIS® was designed to favor embryo dispersion and light transmittance, enabling the regeneration to C. arabica plantlets (Etienne et al., 2013). However, to date, there are no publications demonstrating the successful use of such bioreactor systems for plant micropropagation. Recently, a TIB operated by a microcontroller was designed. The TIB can control the feeding and the CO2 concentration (Woowong and Piladaeng, 2022).

A representative summary of type of TIS and its application in different morphogenetic pathways are shown in Table 3.


Table 3 | Representative summary of type of temporary immersion systems and morphogenetic pathway since 2005.





3.2 TIS, a bridge between laboratory and commercial application

In summary, TIS systems developed to date for commercial application are RITA®, Twin-Flask system later patented as BIT®, Ebb and Flow bioreactor, and SETIS™.


3.2.1 BIT system

BIT® consists of two containers connected by silicone tubes (Escalona et al., 1999). One of the containers acts as a culture chamber, whereas the other is used as a medium storage. Different glass or polycarbonate containers have been used in this system, with sizes ranging from 250 mL to 5 or 10 L. In this system, explants are temporarily immersed by pneumatic driven transfer liquid medium without medium replenishment during one subculture (Figure 3). However, in BIT®, a new cycle of culture can be started by changing only the medium container with another container with a new nutrient composition and the plant material can be maintained in the culture chamber. To establish a micropropagation procedure and to increase the efficacy of TIB-technology, various parameters should be optimized, including immersion time and frequency, the volume of the nutrient medium and the container (headspace volume container), the type of explant, the duration of the proliferation phase, the use of plant growth retardant, and the number of cycles in BIT®.




Figure 3 | (A) Operating cycle of BIT®: (1) Non-immersed stage, shoots are free-standing on the bottom of the culture vessel, (2) beginning of the immersed, (3) end of the immersed stage. These steps are performed, e.g., every 3h. The air pump and electric valves were under control of a timer. (B) First; (C) and second generation of BIT® used to pineapple and sugar cane scaling-up.



BIT® has an additional option wherein the headspace can be enriched with CO2 during the gas exposure period. Aragón et al. (2010a) described the effects of sucrose, light intensity, and CO2 concentration during plantain culture in BIT®. CO2 enrichment was initiated just 4 h after the light period as follows: during the first week of plant elongation, 6 h; during the second week, 15 h; and during the third week, 24 h per day. The flow was adjusted to 200 mL min-1.

The use of additional ventilation, as a factor to improve the efficiency of BIT®, was assayed in in vitro propagation of Gerbera jamessoni (Mosqueda Frómeta et al., 2017). Shoots were ventilated with air filter for 1 min once every 2 h and immersed for 4 min every 6 h over 28 days, and the production of shoots without hyperhidricity was allowed.

The main reason for the efficacy of BIT® is that it allows full contact between explants and medium, as in liquid medium, without asphyxiation. Furthermore, the renovation of the headspace results in O2 supply and prevention of CO2 and ethylene accumulation (Roels et al., 2006). In addition, the water content is reduced during each immersion period and the hyperhidricity can be controlled.

A successful example of the commercial application of BIT®-technology is a scale-up and production facility established at Centro de Bioplantas (Universidad Ciego de Avila, Cuba) for Ananas comosus proliferation in a 10-L BIT® (Napoles et al., 2018). To guarantee a safe material for proliferation, the in vitro establishment involves microbiological testing against endogenous bacteria and the diagnosis of Wilt virus by molecular tests. Acclimatization and growth are performed in a nursery for six months. In the last two years, with the application of this technology, pineapple varieties have been introduced to companies and farmers over a period of 34 months (“MD-2,” “Perola,” “Champaka,” and Red “Spanish”) to diversify the pineapple production in the country. Massive phenotype observations in the nursery and fields revealed 21.2% of spine plants with “MD-2” and 8% with “Champaka” varieties.

The clonal fidelity of plantain plants produced using BIT® have been also assayed using molecular probes and evaluations conducted in the field at the National Corporation of Bananas in Costa Rica (CORBANA). Data on survival, growth, flowering, harvesting time, fruit production, and SV indicated the efficacy of BIT®. In summary, plantain micropropagation gave phenotypes inheritable in the next field generation and DNA content and genetic variabilities were low. In spite of the high genetic stability, a dwarfism-related AFLP-marker is proposed. Phenotype and in vitro culture conditions did not affect leaf global DNA methylation. In addition, the use of TIS-metatopolin protocol for plantain micropropagation is advised (Noceda et al., 2012).

Furthermore, innovations of the container of 5-L BIT® (water plastic and disposable bottles) were used for the commercial scaling of sugarcane plantlets at Plant Biotechnology CALESA, Panamá. This technology led to a reduction of 10 to 6 years in the introduction of new varieties, and sugarcane plants are produced for basic seeds, commercial uses, and replanting. Currently, 1.5 million plants are produced per year, with a reduction in production costs from 0.45 to 0.12 cents (Figure 4C).




Figure 4 | Illustration of the production of sugarcane plantlets using temporary immersion bioreactors. (A) SETIS™ bioreactor; (B) Florida Crystals Corporation, using SETIS™ technology (https://setis-systems.be/about/about-setis); (C) CALESA facilities using BIT® technology.





3.2.2 SETIS™ system

SETIS™ is a novel concept based on the TIS technology that uses the twin-bottles principle of two connected vessels (plant material and growth media vessels) operating under the ebb-and-flow principle (http://www.Setis-Systems.be. Accessed on 18 june 2022). Most problems and disadvantages of either the commercialized or self-built TIS bioreactors have been solved. Today, TIS has been commercialized and is used by many companies worldwide. SETIS™ has been used for many micropropagation processes with excellent results. For example, PT Tamora Stekindo, Indonesia (Hasfarm Group) have been working on tea multiplication by microcuttings and SE for the last 5 years. There are successful results in callus multiplication and embryo germination. They produce plantlets per SETIS for crops such as bromeliads, sugar cane, banana, alocasia and phalaenopsis. Its standard and optimized design allows ideal plant growth of a wide range of plant species (Figures 4A, B).

The efficiency of TIS is unquestionable. TIS provides the most natural environment for in vitro culture of shoots, somatic embryos, and micro-tubers. It is recognized as a perspective technology for plant micropropagation, production of secondary metabolites (Pérez-Alonso et al., 2012), transgenic plant selection (Espinosa et al., 2002), and evaluation of an organism’s response to abiotic stresses (drought, salinity, flooding, and high temperature) (Gómez et al., 2019). Another perspective for the application of TIS is the mass propagation of plants used in phytoremediation (Ergönül and Sidal, 2021) or the reduction in the inhibitory effects of phenolics by anaerobic digestion (Kietkwanboot et al., 2022).



3.2.3 RITA® bioreactor

The description and operation of the RITA bioreactor has been widely reported (Teisson and Alvard, 1995; Etienne and Berthouly, 2002). CIRAD was a pioneer in the development of the RITA® bioreactor, whose advantage for micropropagation were clearly demonstrated in the C. arabica SE through a high yield and reliable process. It has been the main TIS used for SE pathways of different plant species (Table 3). RITA® was intended for mass propagation by SE because it can provide the required conditions for proliferation, maturation, and germination of somatic embryos (Etienne and Berthouly, 2002). Twenty clones of C. arabica F1 hybrids were successfully produced using RITA®, and the main effect obtained was the improvement in the quality of the resulting embryos. Today, the development of a temporary immersion bioreactor for the mass production of pre-germinated embryos, their direct sowing on soil, and the propagation of rejuvenated somatic embryo plants by rooting mini-cuttings has permitted transfers and disseminations of improved F1 Arabica hybrids and Robusta clones worldwide (Etienne et al., 2018).



3.2.4 Different phases of SE of C. arabica using RITA®

With the adoption of RITA® bioreactors, C. arabica SE was simplified by direct ECS transfer to the bioreactor, enabling regeneration, germination, and conversion in the same vessel (Berthouly et al., 1995; Etienne et al., 1997a), thereby cutting production costs by eliminating the use of solid medium in these phases. In other studies, RITA® bioreactors were used for embryo germination and plant conversion after regeneration on solid medium (Aguilar et al., 2018).

The first embryo regeneration studies of F1 hybrids in RITA® were highly satisfactory (Etienne et al., 1997a), with production rates ranging from 750 to 9000 embryos per container, depending on the hybrid, in 6 months of culture, with high rates of plant conversion (83–95%).The performance in RITA®, regarding the production of embryos, was twice higher than in Erlenmeyer flasks (Etienne and Berthouly, 2002).

Controlling the immersion time and frequency, the liquid medium volume, and the amount of inoculum are crucial factors for embryo development in a bioreactor. Germination in RITA® was slower than that in semi-solid medium, but the culture was more synchronized and the material more homogeneous (Etienne et al., 1997a). In RITA®, the culture density was assessed based on the quality of germinated embryos. At a high density (1600 embryos), embryo growth was superior after 3 months in the greenhouse (Etienne-Barry et al., 1999). The initial volume was adjusted to 200 mg of embryogenic cell clusters and 200 mL of liquid medium. Subcultures were performed every 2 months, and the embryos reached the cotyledonary stage after 4 months. At the end of the development phase, the bioreactor content was divided into different containers until an optimal density (700 embryos) was reached for germination (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002; Albarrán et al., 2005).

Varying the immersion time affects embryo production. Frequent immersions (every 6 h) for a long time (15 min) allowed embryo development and germination, but a strong reduction in this parameter (daily 1-min immersion) blocked embryo development and favored secondary embryogenesis (Teisson and Alvard, 1995). Albarrán et al. (2005) evaluated 1-min immersions every 24, 12, and 4 h and found high-quality embryo production (60%, 79%, and 85%) proportional to the increase in immersion frequency. Two daily 1-min immersions is the commonly used immersion frequency for C. arabica (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002; Menéndez-Yuffá et al., 2010; Etienne et al., 2013). When 1-, 5- and 10-min immersions every 8 h were evaluated in cv. “Catuaí”, short 1-min immersions resulted in the best embryo development (Gatica-Arias et al., 2008).

In another study of F1 hybrids, at an initial density of 1.25 g of regenerated embryos, 1 or 2 daily 1-min immersions led to a high number of malformed, hyperhydric, and dead embryos (Aguilar et al., 2017). When 2 daily 1-min immersions (control) with 1 or 2 1-min immersions every 48 h were compared, the number of embryos decreased but synchronization and plant conversion improved (Figures 5A–C). The average number of high-quality plants (74) per sample (10 g) was better after 2 1-min immersions every 48 h than after 2 daily 1-min immersions (12).




Figure 5 | Germination of somatic embryos and conversion into plants in liquid T5 culture medium in RITA® bioreactors. (A) Control culture, with a frequency of two daily immersions of one minute; observe the asynchrony in the development and hyperhydricity of the culture; (B) good quality plants cultured using 2 one-minute immersions every 48 h; (C) plants cultured using 1 immersion every 48 h; (D) green embryos after the first month of culture in RITA®; (E) embryos in the cotyledon stage in the second month of culture in RITA®; (F) plants with one or two pairs of leaves in the third month of culture in RITA®.



Figures 5D–F, shows embryo germination and plant conversion during 3 months in RITA®, when the growth medium was replaced monthly (Aguilar et al., 2018). In the first month, the embryos elongated and the cotyledons developed and turned green (Figure 5D). In the second month, many embryos reached the cotyledonary stage, some formed roots, and others remained in early stages (Figure 5E). Given the increase in biomass, some containers were divided in the second or third month to reduce density and favor germination. In the third month, many embryos developed into plantlets with one or two pairs of true leaves and roots (Figure 5F). From this period to the fifth month, the plantlets were harvested for acclimatization.



3.2.5 Problems associated with temporary immersion culture

Despite favoring nutrient uptake and promoting growth, culture in liquid medium has limitations, such as suffocation and hyperhydricity (Etienne and Berthouly, 2002). Hyperhydricity results from stress-inducing in vitro culture conditions (Kevers et al., 2004) and could account for poor growth and numerous losses during and after cultivation (Etienne et al., 2006). Hyperhydricity is a physiological disorder induced by physical and chemical factors (Ivanova and Van Staden, 2009; Ivanova and Van Staden, 2011) such as high relative humidity (McAlister et al., 2005; Troch et al., 2010; Akdemir et al., 2014; Vidal et al., 2015), high PGR concentrations (Kevers et al., 2004; Bairu et al., 2007; Moncalean et al., 2009; Quiala et al., 2012), gas accumulation, light intensity, and temperature (Saher et al., 2004; Wu et al., 2011).

Biochemical characteristics are associated with morphological abnormalities of the hyperhydric state (Gaspar, 1991; Kevers et al., 2004); reduced dry mass; high water content; and low cellulose, chlorophyll, and lignin contents (Kevers et al., 1984). Consequently, hyperhydric plants are turgid, watery, and hypolignified, translucent, and less green. Other features include increased enzymatic activity (glutamate dehydrogenase and basic peroxidases) related to amino acid synthesis and auxin catabolism (Kevers et al., 2004).

Morphologically, hyperhydric plants have wide stems, short internodes, and thick, elongated, wrinkled and brittle leaves (Kevers et al., 2004) due to marked anatomical alterations (Gao et al., 2018), such as hypertrophy of the cortical parenchyma, atypical vascular bundles, and little xylem lignification. In leaves, the palisade mesophyll is reduced or absent, and the intercellular spaces are large (Kevers et al., 2004), with an irregular epidermis and cuticle and low stomatal density (Gao et al., 2018). The stomata lack a closing mechanism, which could cause accelerated water loss and increased vulnerability during acclimatization (Kevers et al., 2004).

Temporary immersion bioreactors promote temporary contact between plants and the liquid medium (Alvard et al., 1993; Escalona et al., 2003a). This contact is regulated by immersion cycles that control water and nutrient absorption, reducing or avoiding hyperhydricity (Etienne and Berthouly, 2002; Albarrán et al., 2005; Etienne et al., 2006). In C. arabica, hyperhydricity mainly occurs during germination and plant conversion, favored by prolonged immersions and not so much by frequency, under short immersion periods (Etienne and Berthouly, 2002). In addition, 15-min immersions every 4 and 12 h increased hyperhydricity by 90 and 64%, respectively. The highest germination and plant conversion rate (75%) was after 1-min immersions every 4 h (Albarrán et al., 2005). Aguilar et al. (2017) observed that the frequency of immersion affected the hyperhydricity of the culture (Figure 5A), a condition that was halved by decreasing the frequency of 1-min immersions from 12 to 48 h (Figures 5B, C).

In woody species such as eucalyptus (McAlister et al., 2005), apple (Zhu et al., 2005), chestnut (Troch et al., 2010; Vidal et al., 2015), pistachio (Akdemir et al., 2014), and teak (Quiala et al., 2012; Aguilar et al., 2019), the frequency of immersion affected the hyperhydricity. This factor is crucial for nutrient uptake, multiplication rate and hyperhydricity control because explants come into contact with the nutrient medium in each immersion, and growth and multiplication possibly occur during the interval between immersions (Ahmadian et al., 2017). In eucalyptus, the increase in the frequency of immersion increased the multiplication rate and plant quality (McAlister et al., 2005). In teak, a 1-min immersion every 48h reduced hyperhydricity (7%) and improved shoot quality and acclimatization survival (52%) (Aguilar et al., 2019).

The hydric parameters are strongly affected by the immersion cycles and directly affect hyperhydricity (Etienne and Berthouly, 2002). Hyperhydric coffee embryos had higher fresh weight and water content and a more negative water potential than normal embryos, in addition to structural problems and inability to germinate (Albarrán et al., 2005). The high fresh weight (124.6 mg) of regenerated cv. “Catuaí” plants, in contrast to the low plant conversion (45.3%), could be related to hyperhydric or malformed embryos. Although germination rate was high (100%), not all embryos were viable (Gatica-Arias et al., 2008).

Structurally and physiologically abnormal plant development is caused by growth conditions that favor rapid growth and multiplication (Hazarika, 2006). High cytokinin concentration and inoculum density and prolonged culture time promote hyperhydricity and abnormal plant development (McAlister et al., 2005; Zhu et al., 2005; Troch et al., 2010; Akdemir et al., 2014), both on solid medium (Moncalean et al., 2009; Aguilar et al., 2019) and in temporal immersion (Zhu et al., 2005; Quiala et al., 2012; Vidal et al., 2015; Aguilar et al., 2019). However, in kiwi, the incubation time in BA (6-Benzylaminopurine) had a stronger effect on plant quality than the concentration, affecting the water content and holding capacity (Moncalean et al., 2009). In teak, cultures in BIT® (Quiala et al., 2012) and in RITA® (Aguilar et al., 2019) showed that high BA concentrations increase not only the number of shoots but also the hyperhydricity and are correlated with a low content of total phenols and shoot hypolignification (Quiala et al., 2012). BA affects the metabolism of phenols, particularly lignin or its precursors, and weakens the vascular cell wall, decreasing its hydrophobicity and water permeability, thereby causing hyperhydricity (Hazarika, 2006).

Culture time and high and low inoculum densities affect the morphological and physiological development of plants in temporary immersion (McAlister et al., 2005; Vidal et al., 2015; Aguilar et al., 2019). Both high and low C. arabica embryo densities in RITA® favored germination and plant conversion during direct sowing in the greenhouse. Although the authors did not evaluate hyperhydricity, they mentioned that high density causes physical restrictions in embryos, affecting their morphology during germination (Etienne-Barry et al., 1999).

Hyperhydricity is reported as an important limitation of somatic embryo cultures in TIB (Etienne et al., 2006; Egertsdotter et al., 2019; Vidal and Sánchez, 2019). However, most studies on SE of woody species in temporary immersion fail to address this problem.

Asynchronous development and embryo malformation are common features observed during SE and culture in RITA®. Embryos with multiple or no cotyledons, multiple or absent rudimentary axes (Ammirato, 1989), and nonfunctional or absent apical meristems (Dodeman et al., 1997) are also observed in coffee. In the same RITA®, embryos can be found at different stages of development, and plant conversion is asynchronous, thereby requiring 2 or 3 harvests (Etienne et al., 2012). Embryo subcultures in two or more RITA® TIS is a practice used for coffee to lower the density and favor crop synchronization, embryo development, and plant conversion of the most developed embryos. Figures 5D-F shows the increase in embryo density during three months of culture in RITA®. At the third month (Figure 5F) plantlets are observed on the surface of the container, and embryos in earlier stages in the lower part. This is the time to divide the RITA® (Aguilar et al., 2018). The bioreactor RITA® improved Citrus deliciosa SE synchronization by hindering secondary embryogenesis at the start of germination (Cabasson et al., 1997); in Quercus robur, synchronization improved after 1-min immersions every 48 h, increasing the production of cotyledonary embryos (90%) (Mallon et al., 2012); and the same immersion cycle in C. arabica (Figure 5C) improved synchronization and embryo quality (Aguilar et al., 2017).

In the bioreactor, embryo heterogeneity induces variability in plant conversion efficiency in soil and in delays growth in the nursery (Barry-Etienne et al., 2002). The success of temporary immersion culture depends on the optimization of the factors that affect the culture environment of each container and each biological system.



3.2.6 Physiological, biochemical, and molecular aspects of plant response to temporary immersion

Considerable expertise and interpretation is available on the physiology process in semi-solid medium; however, a definition of the physiological requirement of explants and eco-physiological characterization of the bioreactor environment is required to facilitate an increase in plant quality. Knowledge on the effect of temporary immersion culture on plant physiology is essential to optimize culture conditions when a bioreactor is used.

A study on the effect of BIT® on the physiology of micropropagated pineapple plantlets was conducted by Escalona et al. (2003b). CO2 concentration in the headspace measured during an entire cycle of immersion increased 6.9-fold in comparison with that in the semi-solid culture. The accumulation of CO2 was a consequence of plant metabolism rather than an environmental response as a consequence of higher respiratory activity of proliferated shoots, but this fact did not seem to affect the intrinsic quality of the shoots. The low photosynthetic capacity induced by BIT® was consistent with the large increase in sugar and nitrogen uptake and in the dry weight and foliar area exhibited by these plantlets. The authors agree that whether or not plantlets are photosynthetically active at transplantation is of secondary importance.

The composition of the headspace during proliferation and prior to acclimatization of plantain shoots in BIT® and semi-solid culture showed large differences in gas concentrations. There was a higher CO2 and a lower O2 peak during the elongation phase compared to that in the proliferation phase. The renewal of the headspace, with every immersion, resulted in a supply of O2 and prevention of CO2 and ethylene accumulation, which had a favorable influence on the quality of plantain shoots (Roels et al., 2006).

The timing of photosynthesis and changes in the sucrose content, as well as the activities of some key enzymes involved in carbon metabolism, were described during in vitro culture of plantain shoots in BIT® and during acclimatization (Aragón et al., 2005). In the in vitro stage, photosynthesis was limited (4−6 µmol CO2 m-2s-1); the photosynthetic rate, however, increased rapidly and significantly as soon as in vitro acclimatization was over. Starch was the most important sugar accumulated by the stems. Plantain plantlets begin starch uptake during the first days of acclimatization. This accumulation, as a nutrient reserve, is important to overcome the stress period during the subsequent growth under ex vitro conditions. The growth parameters of plantain shoots before acclimatization indicate that the system improves the plant quality compared with the semi-solid culture.

To identify the cellular features that support the quality of BIT® plantlets at the levels of anti-oxidative stress, in situ reactive oxygen species (ROS) deposition, the activity of anti-oxidative enzymes, and the expression of the corresponding genes were compared in ex vitro plantain plantlets propagated in vitro through semi-solid and BIT® culture (Aragón et al., 2010b). This study elucidated the mechanisms by which BIT® grown plantlets can better sustain and overcome oxidative stress than semi-solid grown plantlets, enhancing their propagation capacity and improving their growth.

Similar results in sugarcane showed that plantlets propagated in BIT® had better morphology and physiological behavior than plantlets propagated in semi-solid culture (Aragón et al., 2009). The evidence suggests that BIT® propagated plantlets, at the moment of transfer to ex vitro conditions, had functional stomata and trichomes with characteristics similar to those of ex vitro plants. BIT® plantlets maintained the anti-oxidative system activated from the in vitro phase, and the major ROS scavenger, super oxide dismutase (SOD), was present at high levels of activity until the end of acclimatization. In the mesophyll and bundle sheath cells and within the different cell compartments, H2O2 produced by SOD activity was processed by the glutathione reductase branch of the ascorbate-glutathione cycle. The polymerization of peroxiredoxins was, apparently, a transient solution for the oxidative environment in chloroplast and mitochondria. All these data suggest the better preparation of BIT® plantlets to cope with the stress of acclimatization and the adjustment of the autotrophic behavior to the antioxidative response to ex vitro environment.

The BioMINT II™ bioreactor was used to evaluate the efficiency of this system compared to semi-solid culture during sugarcane micropropagation. BioMINT II™ was evaluated in terms of biomass production and morphological and physiological parameters. Furthermore, RT-qPCR was performed to analyze the expression of two genes (P1P2;1 and EIN3) involved in plant development as possible molecular markers. At day 28, more shoots and better-quality physiological parameters were obtained in BioMINT II™ than in the semi solid culture. The expression of both genes in correlation with morphological parameters suggested the expression of PIP2;1 as an indicator of root development and the expression of EIN3 as an indicator of leaf and root development (Carrillo-Bermejo et al., 2019).

The success of temporary immersion culture not only depends on obtaining a greater number of plants, but also improves the morphological and physiological indicators that guarantee a greater survival of the plants in ex vitro conditions.

The positive effect of TIB culture on SE has been evidenced in many woody species, such as Hevea brasiliensis (Etienne et al., 1997b), Psidium guajava (Kosky et al., 2005), Theobroma cacao (Niemenak et al., 2008), Quercus robur (Mallon et al., 2012), Bactris gasipaes (Heringer et al., 2014), Elaeis guineensis (Gomes et al., 2016), Carica papaya (Posada-Pérez et al., 2017), and Larix × eurolepis (Le et al., 2021). However, in most of these species, the technique is still at an experimental level.

In H. brasiliensis, temporary immersion was used to study the induction of oxidative stress on an embryogenic callus during the immersion stage (Martre et al., 2001). A 1-min immersion was enough to cause an increase in SOD activity and high lipid peroxidation, which disappeared in less than 1 h after the end of the immersion stage.

In B. gasipae Kunth, the use of RITA® improved the efficiency of the SE protocol (Heringer et al., 2014). The study also evaluated global DNA methylation levels, total protein and starch contents, and alcohol dehydrogenase activity (ADH). The RITA® showed enhanced multiplication of somatic embryos with increased protein and starch contents and ADH activity. A low DNA global methylation rate (27.52%) was observed, suggesting its relationship with the expression of proteins associated with the maturation of somatic embryos and their subsequent conversion to plantlets. These results showed the importance of defining morphological and physiological features related to the morphogenetic process in peach palm.

Regeneration of somatic embryos in T. cacao L. in BIT® proved to be suitable for mass production of torpedo-shaped somatic embryos. Matured embryos pre-treated with 6% sucrose were converted into plants after direct sowing. Additionally, the influence of culture conditions on the content and composition of amino acids was analyzed. The content of free amino acids in somatic embryos increased as the immersion frequency increased. The endogenous free GABA content in embryogenic callus was significantly higher than that in non-embryogenic callus (Niemenak et al., 2008).

The most spectacular effect obtained by temporary immersion was a dramatic improvement in the quality of the resulting coffee somatic embryos, which was 90% that of normal torpedo-shape embryos, and this quality was also reflected in high levels of plant conversion (80−90%) in semi-solid culture (Etienne et al., 2018). Currently, the use of RITA® for the mass production of pre-germinated embryos, their sowing on horticultural soil (Etienne-Barry et al., 1999), and the propagation of the rejuvenated plantlets from somatic embryos by rooted mini-cutting (Georget et al., 2017) has been a decisive innovation for successful scaling-up and reduction of the production cost to disseminate improved F1 Arabica hybrids and Robusta clones (Etienne et al., 2018). However, scientific information on the physiological changes related to the pre-germinated process in a temporary immersion bioreactor is lacking. This study focusses on the morphological aspects. The authors clearly demonstrated that the heterogeneity of the embryos in the bioreactor resulted in variability in both the plant conversion efficiency in soil and plant growth in the nursery. However, scientific information on the physiological changes related to the pre-germination process in a temporary immersion bioreactor is lacking.

In C. arabica, the age of SE plantlets harvested from the nursery is an important factor for successful rooting and growth (Campos et al., 2017). This calls for detailed physiological studies; the knowledge of the main physiological changes during this process and the possibility to manipulate these factors can improve the transition from heterotrophic to autotrophic metabolism.

Furthermore, it is important to obtain more knowledge regarding the effect of the composition of headspace in the pre-germination of embryos in the bioreactor. Various studies reported the importance of aeration in coffee somatic embryos. A mixture of air enriched with 5% CO2 led to more embryos than the control without CO2 enrichment (Barbón et al., 2008). It was observed in Robusta clones that the microenvironment stimulates the ex vitro germination rate, and this positive effect is linked to the release of CO2 by commercial horticultural substrates (Ducos et al., 2009). To date, attempts to stimulate the photoautotrophic transition in C. arabica using a high concentration of CO2 combined with high irradiation are being made. Furthermore, the rates of success in the conversion of embryos into plantlets have been improved (Etienne et al., 2018).

Coffee SE is one of the most advanced technologies. It has been industrialized (Robusta) or commercialized (Arabica) for 13−15 years for the two cultivated species. Very high yields and biological efficiencies characterize both processes, with low genotypic effects and controlled SV (Etienne et al., 2018). However, losses during their acclimatization in nursery increase production cost. Therefore, better knowledge of the physiology of transit from in vitro to ex vitro conditions could minimize and control this loss.





4 Production of C. arabica plants via SE


4.1 Acclimatization and ex vitro plant production

Embryos were converted into plants both in a bioreactor (Etienne et al., 1997a; Aguilar et al., 2018) and directly on horticultural soil (Etienne-Barry et al., 1999; Barry-Etienne et al., 2002). Plastic tunnels containing an automated irrigation system were traditionally used to acclimatize plantlets with 3 or 4 pairs of true leaves (Etienne et al., 1997a). Figure 6 shows the acclimatization of F1 hybrids using plantlets with at least one pair of true leaves, with acclimatization percentages ranging from 45 to 85%, depending on the genotype (Aguilar et al., 2018).




Figure 6 | Acclimatization of coffee plants produced by somatic embryogenesis. (A) Plants with at least one pair of leaves planted in a tray; (B) plastic tunnels for acclimatization; (C) plants acclimated after 4 months in the greenhouse; (D) mother plants ready for transfer to nurseries for horticultural propagation; (E) morphology of an acclimatized mother plant; observe the good root system.



Direct sowing of the germinated embryos obtained via RITA® in horticultural soil (Etienne-Barry et al., 1999) simplified SE and lowered production costs by reducing the handling time (13%) and shelf space (6.3%) compared with conventional acclimatization (Barry-Etienne et al., 2002). Initially, this method provided 40% acclimatization (Etienne-Barry et al., 1999). Embryos with cotyledons of intermediate size showed improved ex vitro conversion rate (63%), and the plantlets had a better organized anatomical structure than plantlets germinated in vitro (Barry-Etienne et al., 2002), possibly indicating an enhanced adaptation to the ex vitro environment. Direct sowing of germinated embryos in a bioreactor was also reported by Aguilar et al. (2018) with a more than 40% success rate; however, many embryos remained in that state and never developed.

Using mother plant clones (Figure 7), mini-cuttings were rooted in a greenhouse (Mesén and Jiménez, 2016) at high densities in hydroponic beds for continuous and prolonged sprouting (Figure 7A). The sprouts were harvested every 15 days, and production was maintained for more than three years. Leaf cuttings with two nodes (Figure 7B) were treated with commercial auxins and added to plastic tunnels for rooting (Figure 7C). Under a relative humidity of more than 80% and a daytime temperature of 30−35 °C, the rooting time ranged from 7 to 8 weeks (Figures 7D, E). Subsequently, the rooted plants were acclimatized in the tunnels without curtains, and the plantlets remained under those conditions for a week (Figure 7F) before being transferred to a common greenhouse (Figure 7G) with 60% shade and watering more than one week apart (Aguilar et al., 2018).




Figure 7 | Clonal propagation of coffee mother plants from rooted cuttings. (A) Hydroponic garden with mother plants from SE; (B) prepared cutting 7 cm long, with two nodes and four pruned leaves; (C) exterior of the tunnels for rooting cuttings; (D) interior of the tunnels for rooting; (E) cutting rooted in ‘Jiffy®’ pellets after 40 days in the rooting tunnels; (F) greenhouse for acclimatization of newly rooted plants before their transfer to the nursery; (G) root system of a rooted cutting; (H) plant derived from a rooted cutting, 1 year of age, CATIE, Costa Rica.



The strategic alliance with companies specialized in large-scale vegetative propagation enables the mass production of F1 hybrids from rooted cuttings (Figure 8). Five months was the average time for a plant to develop from rooted cuttings, in a bag, with a balance between shoots and roots and with the plant being commercially acceptable. Under adequate health conditions throughout the process, the mother plants can produce plants at a rate of 1,900 cuttings per m2 per year for 24 months. Thus, the costs of the in vitro material are reduced, and a higher number of plants are produced (Aguilar et al., 2018).




Figure 8 | Industrial multiplication of coffee F1 hybrids. (A) Cutting producer mother plants at the Paraiso-Gaia Artisan Coffee farm (Costa Rica); (B) plastic tunnels for rooting cuttings; (C) rooted cutting; (D) planting of rooted cuttings in bags; (E) plants developed over 5 months at Gaia Artisan Coffee; (F) aerial development of plants in bags; (G) development of the root system in 5-month old plants.





4.2 Somaclonal variation during SE of C. arabica

The production of off-type plants (SV) is another limitation of SE that can result in a drastic phenotypic variation due to genetic and epigenetic variations (Correia et al., 2016). Therefore, research on coffee has focused on mitigating the impact of SV and facilitating early molecular detection or on the efficient selection of variants in the greenhouse (Etienne et al., 2016). C. arabica SV was first reported in 1992 by Söndhal et al. with a frequency ranging from 3 to 30%, depending on genotype and protocol (Ducos et al., 2003).

HFSE is associated with genetic or epigenetic instability inducers, such as 2,4-D and ECS; thus, different approaches have made it possible to assess the effect of cultivation techniques on SV in Arabica coffee. Based on morphological and agronomic criteria (Etienne and Bertrand, 2001; Etienne and Bertrand, 2003; Menéndez-Yuffá et al., 2010), seven phenotypic variants were identified, along with the effects of the genotype and suspension age on SV frequency (Etienne and Bertrand, 2003). These variants are known as “Juvenile leaf color,” “Giant,” “Dwarf,” “Thick leaf/Bullata,” “Variegata,” “Angustifolia,” and “Multi-stem.” All variants except for “Multi-stem” have been reported in seed plants. Variant plants are characterized by low productivity and reduced vigor. In most genotypes, SV reached 1.3% in plants from 3-month ECS; however, suspension age and genotype had a strong impact on variant severity and frequency (Etienne and Bertrand, 2003). The impact of culture time and PGR concentration was analyzed by Bobadilla Landey et al. (2013; 2015), who observed that low 2,4-D concentrations (0−1.4 µM) during 6 months of cultivation induced low variation rates (0.74%), while high 2,4-D (4.5 µM) and 6-BA (17.8 µM) concentrations during 11 and 27 months of cultivation generated 30−94% SV; further, plants derived from 4-month cultures were normal.

Amplified fragment length polymorphism (AFLP) markers were studied in C. arabica plants regenerated by direct and indirect SE (Santana-Buzzy et al., 2007). Of the 1,446 bands analyzed, 11.4% were polymorphic and 84% were specific to plants regenerated in both processes and in mother plants. Nevertheless, in F1 hybrids, very low polymorphisms were observed with AFLP and methylation-sensitive amplified polymorphism markers in mother plants (0−0.003%), with respect to ECS and secondary embryogenic plants (0.07−0.18%), in line with the low SV rate (0.74%) observed in 200,000 plants in the field. Furthermore, very low polymorphic methylation profiles (0.087–0.149%) were observed regardless of culture age (Bobadilla Landey et al., 2015). The chromosome count reflected the loss of 1−3 chromosomes in some variants (Bobadilla Landey et al., 2013), indicating that mitotic aberrations play a key role in coffee SV (Bobadilla Landey et al., 2015; Etienne et al., 2016; Campos et al., 2017). In summary, C. arabica SE based on ECS culture is efficient and safe for the reliable propagation of selected materials because more than 99% regenerated plants are morphologically consistent, with limited genetic and epigenetic changes (Etienne et al., 2016).




5 Conclusions: Challenges and perspectives of SE of C. arabica in temporary immersion culture

Recent innovations in the industrial production of elite plants of different generations of C. arabica F1 hybrids through SE have been presented in detail by a French research group (Etienne et al., 2018). Their synopsis of the progress achieved from the pilot scale to commercial production spanned from 1995 to 2018. The scope of this technology is highlighted in the successful transfer to different countries in Latin America, Africa, and Asia. Despite limitations in the widespread distribution of these materials, including the high cost of plants, lack of capital of smallholder farmers, variations in the price of coffee, and difficulties accessing smallholdings, they mention that 20 million hybrid plants were distributed in Central America in the last decade.

Unsolved technical factors of SE, together with logistical problems and the lack of promotion and funding policies, have limited the distribution of F1 hybrids in Central America for more than a decade (Aguilar et al., 2017). In an additional effort to transfer elite materials to national producers, CATIE in Costa Rica uses a three-phase strategy for the multiplication of F1 hybrids: 1) hybrid regeneration by SE; 2) the establishment of clonal gardens in greenhouses for rooting mini-cuttings to quickly multiply plants from SE (Mesén and Jiménez, 2016); and 3) strategic alliance with companies specialized in industrial cloning, which was a key step for the mass production of F1 hybrids and for the transfer of plants to producers at a lower cost than that of plants directly sourced from the laboratory. The Costa Rican company Gaia Artesan Coffee estimated that the cost of a finished plant for plantation could be lower than US$0.75 (Aguilar et al., 2018).

However, considering the importance of Arabica coffee in Central America, where the economy of these countries revolves around coffee production, this activity must be strengthened with more productive varieties, with higher cup quality to meet the current demands, with resistance to diseases and pests, and with characteristics favoring adaptability to climate change challenges. Although F1 hybrids have been selected for some of these benefits and have been available for more than a decade, they have not been distributed to farmers in the required quantities and at competitive prices due to the complexity of propagation technology and lack of investment (Aguilar et al., 2018). In Central America, effective access to coffee hybrids has been limited to medium- and large-scale farmers, being prohibitive for smallholder farmers given the high cost and absence of distribution channels. These materials have been transferred to smallholder producers through donations from agronomic research institutions (Etienne et al., 2018).

New generations of hybrids, resulting from genetic improvement programs, with new characteristics and appropriate for the current needs of elite materials, are being released (https://worldcoffeeresearch.org/work/annual-report-2016). Therefore, efficient vegetative propagation techniques will be required for their cloning.

Although C. arabica SE is indeed a successful example with remarkable results in the production of genetically stable plants, in a large number of genotypes, technical and methodological adjustments are necessary at different stages of the process to reduce outgrades. In addition, knowledge on the fundamental aspects of coffee SE must be deepened using modern tools for advancing research in a more technical and less empirical manner. Improvements in some phases of coffee SE are necessary for this tool to be applicable to a greater number of genotypes. Improving EC production and establishing cryogenic cultures of these calluses and ECS are necessary for storing and managing embryogenic material, especially for the most recalcitrant genotypes.

Although the use of bioreactors reduces costs, the initial outlay is high, some parts must be replaced after several autoclave cycles, and solutions often must be improvised (Vidal and Sánchez, 2019). The existing technology must be improved using low-cost automated systems and containers to control the parameters that affect the efficiency of these systems and to reduce losses due to low-quality plants. Hyperhydricity, the inability to establish polarity during proliferation, and the availability of light as a critical factor during germination are factors that should be improved in current bioreactors (Vidal and Sánchez, 2019). Increasing plant conversion rates and acclimatization survival is another unaddressed challenge (Aguilar et al., 2018).

Further knowledge on the physiological changes during different phases of bioreactor cultivation must be obtained to scientifically explain the frequent morphological variability observed in cultures. Hyperhydricity, asynchronous development, morphological variability of embryos during pre-germination, and their negative impact on plant conversion and growth in the nursery could be explained and improved physiologically. Further information on the physiological metabolism of the transition phase from the heterotrophic (in vitro) to the autotrophic (ex vitro) environment could allow the modulation of these factors and reduce the impact of plant loss in nursery and production costs.

The information generated by omics technology will have a profound impact on the understanding of the molecular mechanisms related to SE. Analysis of data on the genome, transcriptome, proteome, and metabolome will help identify the regulatory mechanisms responsible for reprogramming gene expression and provide basic information regarding the dedifferentiation process underlying SE (Pais, 2019). For example, knowledge on genes encoding transcription factors provides information on the regulation of SE induction (Karami et al., 2009; Guan et al., 2016). In addition, embryogenic competence markers can be obtained from transcriptome and proteome data, thereby enabling a more precise selection of explants and increasing the reliability of SE. However, one of the main challenges is to identify the changes in the proteome of a somatic cell that trigger all phases of development of an embryogenic cell until the germination of the somatic embryo (Aguilar-Hernández and Loyola-Vargas, 2018). Furthermore, global metabolite analysis could help predict all cell-fate transitions, from leaf explant introduction to embryo development, and could be used to monitor the key stages of coffee SE from a scientific rather than an empirical perspective, as conducted thus far (Awada et al., 2019).

The implementation of shared propagation systems between partners or institutions is a good strategy for simplifying the plant production chain, socializing and transferring technology, and lowering production costs. The multiplication of coffee hybrids by combining in vitro technologies with classic high-yield vegetative propagation strategies will make it possible to meet the demand for elite materials for planting, in addition to reducing costs per plant according to the increase in demand. The results, both at the experimental level and in commercial farms, indicate that rooting coffee cuttings using juvenile mother plants of SE is a reliable way for multiplying plants on a large scale and in a short time, with a simple and low-cost technology (Mesén and Jiménez, 2016; Georget et al., 2017).

Although this technology reduces the cost of the plant for the farmer, other challenges in the production chain must also be addressed. Farmers need support with effective financial strategies to invest in the renewal of coffee plantations with quality genetic material to face climate change vulnerability and to meet increasingly stricter market demands. Therefore, an effective link between the research and innovation sectors and the public and private governing institutions of the coffee sector is necessary, both to generate the appropriate technology and to establish effective communication channels that facilitate technology transfer. Technical monitoring by coffee-governing institutions is essential to guide producers on the technical rigors, advantages, and challenges of growing high-productivity hybrid materials. Similarly, training producers on the advantages and added value of growing elite materials will create confidence in investing in the adoption of these materials.
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Despite a much later inception of somatic embryogenesis (SE) propagation protocols for gymnosperms than for angiosperm species, SE is becoming increasingly important due to its applications for commercial forestry. For many conifers, there are however still major bottlenecks in the SE plant production process limiting the use of SE for forestry operations, Christmas tree production and research projects. In the present case study, the effects on plant growth from different cultural factors applied during the SE developmental process were studied in two conifer species of high value for Christmas tree production. Seven clones of Abies nordmanniana and two clones of Abies bornmuelleriana were included in the study. Accumulated effects from cultural treatments were recorded from the start of germination of mature embryos of different quality scores through development into plants in the third growing period. Experimental factors of the cultural treatments included were: germination temperature, germination time, light conditions, survival ex vitro and traits for plant growth and vitality. The results reveal that most of the studied experimental factors influenced plant growth during the first three years however their relative importance was different. Plant survival rate at end of the nursery stage was strongly impacted by germination temperature (p<0.001), initial embryo score (p=0.007), clone (p<0.001) and to a lesser extend week of germination (p=0.017). This case-study highlights and quantifies the strong interrelation between the developmental steps of somatic embryogenesis and show the importance of considering all cultural steps when optimizing SE plant production protocols.




Keywords: abies, conifer, in vitro, germination, embryo quality, nordmann fir, turkish fir



1 Introduction

Successful somatic embryogenesis (SE) in conifer species was first demonstrated in the mid-80s in Picea abies (Chalupa, 1985; Hakman et al., 1985) and Larix decidua (Nagmani and Bonga, 1985). Protocols for conifer SE plant production have since then been expanded to other conifers still mostly within Pinaceae, but also some from Cupressaceae, Taxaceae, Cephalotaxaceae, and Araucariaceae families (Klimaszewska et al., 2016). The methods have also been gradually improved with the overall goal to meet the needs and expectations from forestry operations where SE can be successfully used as a clonal propagation method to support breeding programs (Dungey et al., 2009; Resende et al., 2014) and for propagation of elite trees (Park, 2002) or for clonal propagation of families through ‘family forestry’ (Rosvall et al., 1998; Lindgren, 2008).

Clonal propagation of conifers is also possible by cuttings but there are issues for scale up due to early ageing of the donor plants limiting the time for cutting production, plagiotropic growth and high labor cost (White et al., 2007; Rasmussen et al., 2019). The SE method has many advantages such as the possibility to store valuable germplasm for extended periods of time by cryopreservation (Bonga, 2015) and scale up production supported by automation (Egertsdotter et al., 2019). Furthermore, the possibility to apply genomic selection for traits to early stages of the SE process has a high potential for shortening breeding cycles and increase wood production as was recently demonstrated for Picea glauca (Chamberland et al., 2020). Genomic selection may also be possible for specific traits such as height growth in Pinus taeda L. (Lauer et al., 2022) and drought stress in Sequoiadendron giganteum and Sequoia sempervirens (De La Torre et al., 2022). The recent breakthrough in genomic modification by CRISPR/Cas9 in Pinus radiata (Poovaiah et al., 2021) and Picea galuca (Ying et al., 2021) further increases the potential of the SE system for designing well-adapted trees for future forests. In research studies, SE provides an important tool for generating clonal plants for field trials of conifer species where clonal propagation by cuttings otherwise is limited (Rasmussen et al., 2019). SE is also used in fundamental studies on embryo development of the much less studied gymnosperm embryogenesis that has been shown to differ from angiosperm embryogenesis in many important respects (Uddenberg et al., 2015).

Another area of application for conifer SE is for Christmas tree production, which overwhelmingly involves conifer species and where the most favoured tree species come from within the genus Abies. Christmas trees are grown as short-rotation crops typically for five to ten years depending on species and geographical location which makes them a superior study system for conifer SE protocol improvements and evaluation of clonal selections relative to other conifers with much longer rotation times of at least 15 years in the Southern hemisphere (Pinus radiata) and on average 60 years in northern Europe and Canada (Picea–species). In Europe, Abies nordmanniana (Steven) Spach is the most commonly used Christmas tree with an estimated yearly demand of 35-40 million trees (Christensen, 2016). The closely related species Abies bornmuelleriana (Mattf.) (Liu, 1971) has gained increasing interest in Denmark due to a new superior-performing seed source (Nielsen, 2021) and less sensitivity to the adelgid Dreyfusa nordmanninana (Nielsen et al., 2017). These two commercially valuable Abies-species were selected for the present study aimed at dissecting the relative importance of different factors for SE development, starting with the morphology of the mature embryo up to the fully developed, growing tree, with the focus on temperature-effects during germination.

The SE process in conifers requires several consecutive cultural stages starting with the initiation of the earliest-stage of somatic embryos in culture (proembryogenic masses; PEMs) from the initial explants (zygotic embryos); multiplication of the PEMs (resulting in proliferation of the ‘SE culture’), maturation of PEMs followed by germination of mature embryos and ex vitro growth of planted germinants (Egertsdotter, 2019). There are however still several major bottlenecks in the SE process limiting cost-effective use of SE for producing plants for forestry, Christmas tree production and research projects. Recent efforts have been made to achieve cost efficiency by scale up supported by automation and alternative culture techniques (Egertsdotter et al., 2019, Valdiani et al., 2019).

The first bottleneck of the SE-process is the initiation step when PEMs are induced to form from the zygotic embryo extracted from a seed. Several studies have shown that the genetic background of the mother tree affects the success rate of SE initiation. Relatively large variances due to specific combining ability and maternal effects were found for the initiation of SE for Picea glauca (Park et al., 1993; Park et al., 1994) and Pinus taeda (MacKay et al., 2006). Large genetic variation for SE initiation among families was also observed in Picea mariana (Cheliak and Klimaszewska, 1991). In open-pollinated trees of Pinus radiata, the same top three mother trees out of seven tested were shown to maintain their SE initiation potential over the two years tested (Montalbán et al., 2012). In Abies nordmanniana, only 2-15.5% of the seeds from two mother trees could be induced to form somatic embryos demonstrating large differences with respect to potential for SE propagation (Nawrot-Chorabik, 2016) whereas in A. bornmuelleriana, the SE initiation rate was on average 25-35% from 1300 mature seeds derived from six mother trees where all trees gave initiations (Nielsen et al., 2018).

The second step which is the proliferation phase when the early-stage plant propagules (PEMs) multiply, is in most cases not a limiting step once the culture of PEMs has been established from the first initiation and started to proliferate.

For the third developmental stage of embryo maturation, large differences between species and clones within species are seen. The variability in maturation yields is at least partially accounted for by the lack of synchronization during the maturation process allowing only a fraction of the developing embryos present in the culture to form mature embryos that can germinate (Mamun et al., 2018).

There are relatively fewer studies that have focused on the factors affecting the consecutive steps of germination of mature embryos and establishment of plants growing ex vitro. Efforts to establish image analysis-based tools to correlate the morphology of the mature embryo to germination success have been done in connection with scale up and automation efforts (reviewed in Egertsdotter et al., 2019, Le et al., 2021).

Improvements of the conifer SE process have overwhelmingly been focused on the composition of culture media at different stages of development (Klimaszewska et al., 2016). Different growing conditions with respect to light (Nawrot-Chorabik, 2016; Varis et al., 2021) and desiccation treatments (Krajňáková and Häggman, 2016) have also been explored.

The effect of germination temperature on somatic embryo germination success and vigor of the subsequent plants was demonstrated in Picea abies where germination success was improved by cold storage (Tikkinen et al., 2018b). Germination rates were also improved by a cold treatment at 4°C for A. fraseri (Pullman et al., 2016) and by a cold treatment for three weeks during desiccation at 4°C in A. cephalonica (Krajňáková and Häggman, 2016).

It has been previously shown that the temperature during embryo development affects the time of bud burst and bud set both during zygotic (Johnsen et al., 2005) and somatic embryogenesis (Kvaalen and Johnsen, 2008). Subsequent analyses of the different temperature-induced epitypes showed differential expression of genes related to DNA and histone methylation, the sRNA pathway and putative thermos sensing genes thus suggesting that the temperature-effects were epigenetically regulated (Yakovlev et al., 2011). A similar effect from temperature during embryo development was observed for bud burst in somatic seedlings from Abies nordmanniana (Lobo et al., 2022).

Each step of the SE process has an impact on the yield and quality of the final plant in the ground: the types of the PEMs present in the SE culture affect the yields of mature embryos; the morphology of the mature embryos is correlated to the success of germination and root and shoot growth, and vitality of the germinant is essential for acclimatization and survival ex vitro (Egertsdotter, 2019). Numerous studies have been dedicated to improving the different steps of the SE process but to our knowledge, to date none has considered the accumulated effects from several steps on plant growth over several growing seasons.

The objectives of our study were to analyze and quantify the effect of clonal identity, embryo quality, germination temperature and time for germination, light, germinant quality and specifically the accumulated effect of these factors on the vitality of plants from the first to the third growing season. New approaches to optimize SE plant production of the two targeted Abies species based on the results from this study are discussed.



2 Materials and methods


2.1 Plant material

Embryogenic cell lines representing seven clones of Abies nordmanniana and two clones of Abies bornmuelleriana were included in the study. The embryogenic cultures of A. nordmanniana originate from seeds harvested at different locations: 1) seeds directly imported in 2010 from Caucasus, Georgia, Ambrolauri Tlugi (family 7, line N1) and 2) seeds harvested in 2003 from a Danish approved seed stand F.527 Tversted (family 15, lines N3, N6 and family 16, lines N2, N4, N5 and N7). 3) For A. bornmuelleriana, seeds were harvested in 2016 from a commercial Danish approved seed orchard FP.267 Kongsøre (lines T1 and T2). A total of 3097 embryos were included in the study (Table 1).


Table 1 | Overview of clones, number of embryos and treatments at the start of germination at different temperatures.



Embryogenic cultures used in the present study were either thawed from cryogenic storage where A. nordmanniana cell lines in groups 1) and 2) had been cryo-stored in 2011 and 2003, respectively, and A. bornmuelleriana cell lines in group 3) were used for the experiments directly after initiation from fresh, immature seeds (Valdiani et al., 2019).

Methods for initiation and proliferation were performed according to Valdiani et al. (2019) and maturation according to Find (2020). Three consecutive media were used for the maturation process: M1 (Medium 49.53), M2 (Medium 29.75) and M3 (Medium 8.95). Briefly, to start maturation, 4 g of proliferating embryogenic culture was dispersed in 100 ml of liquid proliferation medium by running a blender (Waring laboratory, Variable speed laboratory blender, LB20, velocity settings 500-22000 rpm) at speed position between mark 1 and 2 for 25 seconds. After 30 minutes of sedimentation, 70 ml of liquid were removed from the top and 1 ml of the remaining suspension containing approximately 40 mg of embryogenic culture was pipetted onto a filter paper (Th. Geyer, 70mm, Grade 54) in a Petri plate with M1. The filter papers with maturing embryo cultures were moved between maturation media in the order of M1-M2-M1-M3 after three, three, six and two weeks, respectively. The cultures were kept at 22°C in darkness during the 12-week maturation period. Before the start of the germination experiments, the mature embryos were scored into nine categories based on the morphologies of the cotyledons and hypocotyls (Table 2 and Figure 1). Scores 1-3 were later omitted because they had very low or no germination response (data not shown). A total of 3097 mature embryos with scores 4 to 9 (photo panel showing each embryo after 0, 3 and 8 weeks, see supplementary material) were included in the study, and distribution of embryo scores within clones is shown in Figure 1.


Table 2 | Initial embryo quality score recorded before starting germination treatment.






Figure 1 | Quality scores for embryos at the start of germination (a total of 3097) and photos of typical embryo morphologies corresponding to each scoring category. Percentage of embryos of scores 4-9 within each clone.





2.2 Germination of mature somatic embryos

Medium 51.21 (Find, 2020) was used for germination. In each Petri dish, six embryos were placed in each of three rows (Figure 2, Germination) with embryos: 1-6 in the top row, 7-13 in the second row and 14-20 in the third row. The initial numbering of embryos in the Petri plates was maintained throughout the experiment such that at the end of the experiment, plants could be traced to individual embryo identification numbers and subsequent treatments. Embryos were placed horizontally on the surface of the germination medium and germinated for 8-12 weeks in darkness at temperatures 2, 4, 5, 8, 10, 15 and 20°C. The number of embryos per clone and treatment varied (Table 1). For the temperature treatments of 2 to 10°C, five standard refrigerators (Wasco, model 16973, K110W) with a temperature sensor overruling the internal refrigerator temperature sensor (Renkforce, UT300 Universal-Thermostat -40 to 99°C) were used securing stable temperatures within +/- 0.2°C. Additionally, a fan was added to distribute the air and prevent layering of the temperature within the refrigerator. The treatments at 15°C and 20°C were performed in a refrigerated growth chamber (range +/- 2°C), and a basement at room temperature (+/-2°C), respectively. Temperatures were logged continuously (Hobo Onset Pendant ® Temperature/light 64k datalogger, UA-002-64). Photos were taken from all Petri dishes at weeks 0, 3, 5, 8-12. Root growth was monitored weekly from week 8 to 12. When the root had developed 5 mm or more, germinated embryos were planted for photoautotrophic growth as described below.




Figure 2 | Overview of the timeline for the SE process steps monitored in the study. Germination of embryos for 8-12 weeks in darkness at different temperatures between 2°C to 20°C. Step 1: plant growth for 8 weeks under LED light (50-400 µmol m-2s-1¸24 h) at 15°C. Step 2: plant growth after transplanting into peat plugs for 8 weeks under LED light (180-200 µmol m-2 s-1, 24 h) at 25°C. Step 3: plant growth for 3 years in a commercial nursery with natural light. The measurements carried out at each step are defined under the blue arrows.





2.3 Growth and development of planted germinated embryos

Acclimatization and subsequent growth ex vitro of a total of 1150 planted germinated embryos were tested in three sequential steps: 1) 8 weeks of photoautotrophic growth on sugar-free germination medium under sterile conditions with different LED light intensities (24h) at 15°C, 2) after transplanting plantlets into peat plugs (Jiffy7 Forest plugs, 25 mm), an additional 8 weeks under one intensity of LED light (24h) at 25°C, and 3) final transfer to a greenhouse for growth during three seasons (Tables S1, S2). Identity-records of each of the germinated embryos were kept respectively through all three steps of the experiment. An overview and timeline of the full experimental set up is shown in Figure 2.


2.3.1 Photoautotrophic growth under different continuous light intensities (step 1)

During weeks 8 to 11 of germination, germinated embryos were moved to aerated boxes (Eco2box, oval, Duchefa Biochemie) in a way that germinated embryos from a specific batch (batches of 20 embryos per Petri dish having the same treatment and clone during germination) were separated and placed in separate boxes keeping embryo traceability. Each aerated box contained 100 ml of a semisolid sugar free medium (Find, 2020). Twenty germinated embryos were planted vertically into lines pre-cut with a knife and evenly spaced in three rows of respectively 6, 7 and 7 in each box.

The positions of the aerated boxes were randomized under seven light intensities: 50, 100, 150, 200, 250, 300 and 400 μmol m-2 s-1 of continuous light (24h) (LED lights, 1500*32*32mm, T8 LED Tube, Lumen 2500LM, CCT: 4000K, Ra 80+, 26W) with the same number of boxes under each light intensity at 15°C. Since the germination process lasted four weeks, the process above was repeated each week at the transfer of germinated embryos resulting in four batches, one for each week of harvest of germinated embryos (8, 9, 10 and 11). After 8 weeks under LED light, photos were taken of each box from above and of individual germinated embryos removed from the boxes (Figure 2, step 1). Quality of the somatic plant was assessed by length of the root tip, and the number and length of young needles. The root quality was evaluated based on the photos according to the following criteria: 0 = no white root tip; 1 = white root tip less than 2 mm; 2 = white root tip longer or equal to 2 mm; K = root tip broken and cannot be evaluated. The number of young needles, and length of the longest young needle were recorded using the program Klonk Image Measurement ® (https://www.imagemeasurement.com, free download).



2.3.2 Growth under continuous light (step 2)

All plants from the previous step of photoautotrophic growth were transplanted into Jiffy7 Forest plugs (25 mm) and placed in a tray (Mini Greenhouse, Biltema) holding 8x13 plugs. Each tray then contained plants from four boxes (and some empty plugs to keep growing conditions uniform; Figure 2). Before planting, plugs were soaked with demineralized water with added NPK fertilizer (Azelis Pioner Hvid 18-2-15 plus micronutrients, https://tanggard.dk/wp-content/uploads/2020/01/Pioner-Basis-Hvid.pdf) to a conductivity of 1.5 S m-1 and pH 4.5. Trays were placed under continuous (24h) LED light with an intensity range of 175-195 μmol m-2 s-1 at 25°C and watered (without fertilizer) three times a week to keep plug humidity. The trays were kept covered with a lid for six weeks, in week seven the lids were slightly raised and removed in week 8. Plant survival and vitality was recorded after 8 weeks. The surviving plants were scored into three categories: good and vigorous (score 9-8-7), acceptable (score 6-5-4) and poor (score 3-2) (Table S1).



2.3.3 Growth in greenhouse without artificial light (step 3)

The plants in plugs were acclimatized for two to three weeks at 15-20°C under continuous LED light at 200 μmol m-2 s-1. During April, the plants were transferred to an unheated commercial greenhouse. Plants were maintained in the Jiffy 7 plugs until next spring (for one year) when all surviving plants were transplanted to peat pots (10 cm diameter). Plants were grown for two more seasons under natural light conditions. The temperature was kept above minus 5°C and below 25°C. During the growing season, potted plants were regularly watered and fertilized to keep soil humidity. Survival and height were recorded after the second and third growing seasons in the greenhouse.




2.4 Statistical analyses

Data were analyzed using the software package SAS® 9.4 (SAS Institute Inc., 2013. SAS® 9.4 Statements: Reference. Cary, NC: SAS Institute Inc.). A simple analysis of covariance using procedure GLM on measured data was applied using clone as fixed effect and temperature, initial embryo score and week of germination as covariates. Clone and temperature interaction was included for germination analyses. Other interactions were not significant. The germination analyses were based on mean of each Petri dish holding 20 embryos. For steps 1 to 3 single tree observations were used for data analyses. Again, clone was treated as fixed effect and different sets of covariates were included. A specific analysis of effect of box was carried out using procedure MIXED and box as random effect. No significant effect of box was seen for any of the traits, and box was therefore omitted from the model. Normality of error variance and homogeneity of error variance was checked by normality test and plotting residuals against predicted values using the SAS GLM option ‘plot=all’. No important deviations for assumptions of variance homogeneity and normal distributed errors were seen.




3 Results


3.1 Germination success

After 11 weeks of germination, temperature, clone and initial embryo quality all had a strong impact on germination success rates (p<0.001; Table 3, Figure 3A). Average germination success rate across all clones and temperatures was 38%. Germination success rates decreased with increased temperature levels during germination (Figure 3B). The better the initial embryo quality, the higher the germination success rate (Figure 3C). An optimum of above 80% germination success rate was seen for embryos of high initial quality when germinated under lower temperatures at 2-5°C.


Table 3 | Results from analyses of covariance for germination success, survival at the end of year 3 in the nursery, height after 2 and 3 years in the nursery and increments from previous year.






Figure 3 | Percentage of germinated embryos after 11 weeks. (A) Average germination frequency in percentage across all nine clones in response to germination temperature and initial embryo quality score. (B) Average germination for each clone in percentage as response to temperature treatments (average performance of clones showed by dashed line). (C) Average germination for each clone in percentage as response to initial embryo quality score (average across clones showed in bars). (D) Average germination for each clone in percentage as function of frequency of percent high quality initial embryos (percent score 8 + 9).



No differences in the germination success rates could be detected between the two species Abies nordmanniana and A. bornmuellerianna, but strong differences between clones were seen and deviating clone patterns across temperatures (p<0.001; Figure 3B). The best clone (N3) had the highest germination success rate across all temperatures with a maximum at 92%, whereas the two poorest performing clones (N2, N7) had below 10% germination success rate despite temperature.

Evaluated across all clones, germination success rate related to initial embryo quality ranged from 16%, (score 4) to 73% (score 9) (Figure 3C). Rather large clonal differences in germination success rates were seen, although the clones showed a similar pattern in germination success rates across embryo scores (no significant interaction between clone and initial embryo score).

Clones included in this study showed different proportion of higher quality embryos (defined as scores 8-9), and this factor had a strong impact on embryo germination percentages accounting for 59% of the variation (Figure 3D). However, the two clones with above 30% of higher quality embryos had different germination percentages of 30% and nearly 80% respectively.

Number of germinated embryos was registered during week 8 to 11. Most embryos germinated in week 8 and thereafter in declining numbers (week 8: 724, week 9: 320, week 10: 109 and week 11: 21). No new germination was seen in week 12.

Analyses of covariance of week of germination showed that both germination temperature (Figure 4A) and clone (Figure 4B) strongly influence average week of germination (p<0.001; Table 3), and no clone and temperature interaction was found (p=0.123).




Figure 4 | (A) Average week of germination as a function of germination temperature. (B) Average week of germination for each clone. (C) Accumulated germination in percentage for weeks 8 to 11 for each temperature treatment 2-20°C. (D) Accumulated germination in percentage for weeks 8 to 11 for each clone.



Further analyses of the strong effect of temperature on week of germination (week 8 to 11) show that germination at 20°C peaked already at 8 weeks with no further germination thereafter (Figure 4C). For germination at 2°C, germination accummulated over the weeks with some germination also in week 11. Germination at 4°C showed the highest level of germination after 8 weeks with continued germination in week 9 and 10. In week 11, limited germination was observed only at 2°C and 5°C.

Clones N3, N4 and N6 germinated fastest (Figure 4B). These clones also showed the overall highest accumulated germination, and no new germinants after week 9 (Figure 4D). In general, the order of the clones at week 8 and week 11, respectively, was the same from low to high percent accumulated germinated embryos, i.e. no rank changes (Figure 4D).



3.2 Survival of plants

Of the 3097 mature embryos started for germination, a total of 1174 mature embryos germinated after 12 weeks of culture. Genotypes N2 and N7 of A. nordmanniana were excluded from further analyses due to the low number of geminated embryos (9 and 15, respectively) resulting in a total of 1150 germinated embryos from seven clones for further analyses (Tables S4, S5).

All germinted embryos survived after the first 8 weeks of culture under different LED light treatments (step 1), but only 43.7% survived (499) after transplanting into plugs and an additional 8 weeks of growth under one intensity of LED light (step 2). Of the 499 plants successfully tranferred to the greenhouse, 159 suvived after 3 growing seasons corresponding to an overall greenhouse-mortality of 32%. Therefore, overall survival rate of plants from mature embryos was 13.8% (159/1150) across all clones and temperatures.

Overall survival rate from mature embryo at end of the nursery stage was strongly impacted by germination temperature (p<0.001), initial embryo score (p=0.007), clone (p<0.001) and to a lesser extend week of germination (p=0.017) (Table 3, Figure 5). The optimal germination temperature for survival was 4°C (Figures 5A, B). Survival rates inreased with embryo quality varying between 0% for embryo score 4 to 20% for embryo score 9 (Figures 5C, D). Clones ranged in survial rates from 6% (N4) to 31% (N6) (Figure 6A). This difference can partially (24%) be explained by differences in proportion of high quality embryos observed among clones (Figure 6B). For week of germination, survival was lower for the last germinating embryos from weeks 10 and 11 (Figure 6C). There seems to be a tendency (Figure 6C) for higher initial quality embryos (scores 7-9) to be relatively better performing across harvest weeks compared to poor quality embryos (scores 4-5), although this interaction between initial embryo score and week of germination is not significant (p=0.120).




Figure 5 | Survival in percentage of starting numbers of embryos at the end of nursery growth (black), mortality during the 8 weeks of plant growth in plugs (blue) and 3 years of plant growth in the nursery (green). (A, B) Overall survival as a function of temperature during germination. (C, D) Overall survival as a function of initial embryo score.






Figure 6 | (A) Average survival for each clone in percentage at the end of nursery growth (black), mortality during 8 weeks of plant growth in plugs (blue) and 3 years of plant growth in the nursery (green). (B) Average survival of each clone (at the end of nursery growth) as a function of percentage high quality embryos (score 8-9) across all treatments. (C) Average survival across treatments at the end of nursery growth as a function of week of germination (dashed line) and for each initial embryo score (average across all clones and treatments). Weeks 10 and 11 are grouped together due to few observations.





3.3 Growth in the nursery

The average height of plants after 3 years in the nursery was 17.8 cm. Week of germination registered three years earlier had a strong impact on 2- and 3-year heights as well as height increment during last year in the nursery (Figure 7A). The linear relationship explains 72-98% of the variation in height across germination weeks. Although significant, LED light intensity (step 1) only had very little impact on 2- and 3-year heights measured in the nursery (Figure 7B). There is a strong linear relationship between nursery 3-year height growth and initial embryo quality score describing 49% of the variation in height (Figure 7C, Table S5). Similarly, initial embryo quality could describe 65% of the variation in 2-3 year height increment. Mean values across clones for 3-year height growth ranged from 12.3 cm (T1) to 24.3 cm (N6) (Figure 7D).




Figure 7 | Height growth at end of step 3 nursery plant growth: 3-year height (red), 2-year height (black) and height increment (blue): (A) as function of week of germination, (B) as function of LED light intensity (applied in step 1), (C) as function of initial embryo score prior to germination (averages across all clones). Trendline equations and explanation rate (R²) for each curve and trait. (D) Average height of clones (mm) across all treatments: orange 2-year height and green increment 2-year to 3-year and stacked bars 3-year height.





3.4 Cumulative effects across steps

An overall analysis of covariance, at each step adding the previous results as covariates, reveals a strong interrelation between consecutive steps and treatments, and for measured (or scored) characteristics (Figure 8 and Table S5 for detailed statistical results). Across most developmental steps and measured traits, clones as well as initial embryo score have a significant influence on the results (Figure 8). Week of germination has a relatively strong impact on survival in plugs (step 2) as well as on survival and height-growth in the nursery (step 3), but no effect during the earlier growth in aerated boxes (step 1).




Figure 8 | Results from statistical analyses of covariance (ANCOVA) describing how important each effect is for the trait of interest during steps 1 to 3. Colors describes probability levels (significance) of F-tests for each factor or covariate: Green <0.1%, orange 0.1-0.99, yellow 1-4.99%, light grey 5-10%, grey >10%.



The intensity-level of LED light (during step 1) have a minor although significant impact on several traits (Table S5). Most significant is the positive effect on root score (step 1) with an optimum at about 100 µmol m-2 s-1 and decreasing effects with increasing light intensities (Figure S5). For the number of needles, a light intensity above 50 µmol m-2 s-1 at 100-200 µmol m-2 s-1 seemed optimal. Only minor differences in the impact on traits were seen for higher light intensities (Figures S3, S4).

The traits measured at the end of step 1 (rooting, needle-length and needle number) had a positive correlation to survival in step 2. The score for plant vitality at the end of step 2 arguably depends on the effect from rooting and needle-numbers in the previous step and was also a good indicator for height growth and survival in the next nursery step three years later (Figure 9A) describing 87% and 96% respectively of the average height growth and survival at the nursery stage during step 3 (Figure 9B). Interestingly, the number of needles at end of step 1 can explain 76% of the variation in nursery height growth at step 3 (Figure 9C). A positive effect of high root score can also be seen in survival during this stage (Figure 9D).




Figure 9 | (A) Height growth in nursery (step 3) as function of vitality score (step 2). (B) Survival in percentage in the nursery (during step 3) as a function of vitality score (step 2). (C) Height after 3-years in the nursery (step 3) as a function of number of needles at end of first 8 weeks of autotrophic growth (step 1). (D) Survival in the nursery in percentage (during step 3) for score classes of root development at the end of first 8 weeks of autotrophic growth (step 1).






4 Discussion


4.1 Opportunities for SE as a tool for conifer plant production

The SE process for plant production in conifers is a row of consecutive and interrelated steps starting under sterile conditions in the laboratory continuing in a growth chamber or greenhouse. Losses of plant materials are expected in each step but to different degrees largely depending on genus. SE in Picea and Larix are overall successful for most species, whereas for Pinus the SE process is less successful and often supported by cutting technology applied to the SE plants as a second step to boost plant numbers (Klimaszewska et al., 2016). Less studies have focused on Abies species however Find (2016) reported on the growth of nine Abies nordmanniana somatic clones under field conditions after 8 growing seasons in the field. In Germany, two SE-clones have been grown to final size for Christmas trees (Blödtner-Piske, 2017). For the approximately 40 other Abies-species (Liu, 1971; Farjon and Rushfort, 1989) successful multiplication and plant generation by SE has only been shown for A. lasiocarpa (Kvaalen et al., 2005), A. cephalonica (Krajňáková et al., 2009), A. alba (Hristoforoglu et al., 1995; Salaj et al., 2020), A. fraseri (Pullman et al., 2016), and several hybrids (Salaj et al., 2019). Plants growing ex vitro have typically only been obtained in small numbers and due to the low number of propagules for the later stages of development, few studies have focused on germination and plant growth in any Abies-species.

In the present study, factors effecting growth of SE-derived plants of A. nordmanniana and A. bornmuelleriana were studied starting from the mature embryo-stage through the stages of germination, acclimatization, and growth during three seasons ex vitro.



4.2 Effect from cryostorage on embryogenic culture performance

The embryogenic cultures used in the study were either thawed from cryogenic storage (A. nordmanniana) or used for the experiments directly after initiation from fresh, immature seeds (A. bornmuelleriana). There are to date no reports showing that cryogenic storage affects plant production in a significant way and the successful protocol for cryopreservation of A. nordmanniana SE cultures reported early on (Nørgaard et al., 1993) is still in use (Nielsen, pers. comm.). The effect from cryo-storage on proliferation of embryogenic cultures has been specifically studied in embryogenic cultures of hybrid firs (Abies alba × A. cephalonica, Abies alba × A. numidica) but no negative effect from cryopreservation was found (Salaj et al., 2016). In the present study, the pre-treatments of the embryogenic cultures were specific to each species, and there is therefore a strong confounding effect on the potential effect from cryo-storage. We were however not able to detect any differences that could be related to species and therefore cryostorage (data not shown).



4.3 The key developmental step of embryo maturation

Obtaining a high yield of mature embryos that can germinate and form viable plants is still a major bottleneck for most conifers and an obstacle for cost-effective up-scaling of SE plant production. The morphologies of the somatic embryos at the end of the maturation treatment typically vary widely within the same culture batch due to the lack of synchronization during development. Such morphological differences are critically related to the yield of mature embryos with germination capability, as only embryos that have reached the responsive developmental stage of maturation can continue to germinate. The lack of synchronization during maturation is believed to be an important factor for low maturation yields and has prompted efforts to optimize methods for synchronization (Jamruszka and Jamruszka-Lewis, 2009; Gupta et al., 2011; Mamun et al., 2018). Both physiological and cultural factors that have been associated to mature embryo quality and yield could at least partially explain the lack of synchronization. During the conifer SE developmental process, arguably the developmental steps are different and inferior to the corresponding processes in the zygotic embryo simply based on the fact that the somatic embryo obtains nutrient supply from the culture media versus the zygotic embryos feeding from the endosperm and it is challenging to create an exact match of the natural seed environment. In support of this view, based on biochemical analyses it appears that mature embryos of Pinus pinaster get arrested at an early developmental stage of maturation and never reach the same developmental stage as their fully mature zygotic counterparts (Morel et al., 2014) implying that germination may overall not be as successful in a somatic embryo as in a zygotic embryo. Furthermore, the lack of synchronized maturation can be traced back to the earliest stages of somatic embryos in the PEM culture that does not multiply in a synchronized way resulting in cultures composed of PEMs with different capabilities to respond to the maturation treatment (Filonova et al., 2000). The relative presence of the most developed, maturation-responsive PEMs at the transition to maturation will thereby determine the yield of mature embryos. Dispersion of PEM cultures before maturation increases medium access and allowed for a larger number of PEMs to respond to maturation treatment, resulting in an overall improved synchronization of maturation response in Picea abies (Mamun et al., 2018). The positive effect on maturation yields from polyethylene glycol (PEG) added to the culture medium is well established (Stasolla al. 2002). However, subsequent germination frequencies have also been noted to be significantly lower after maturation on a medium containing PEG (Stasolla et al., 2002; Businge et al., 2013 and others). In Abies species, inclusion of PEG in the culture medium resulted in successful maturation and formation of higher yields of mature embryos in hybrid Abies species (Salajová and Salaj, 2001; Salaj and Salaj, 2003; Salaj et al., 2004; Salaj et al., 2005), A. numidica (Vooková and Kormuták, 2002), A. cephalonica (Krajňáková et al., 2009), A. alba (Salaj et al., 2020) and A. nordmanniana (Nørgaard, 1997). PEG was also included in the maturation medium in the present study and supported the formation of mature embryos with germination potential. The proportion of mature embryos displaying more advanced morphologies that can continue to develop to germination and plant formation in effect corresponds to the degree of synchronization of a culture and is closely related to clonal identity as was also noted in the present study (Figures 3B, C). Here the effect of embryo morphology (initial embryo score) could be traced throughout development to the third year of growth (Figures 7C, 8). Furthermore, week of embryo germination had a strong effect on three-year height growth (Figure 7A). Results from germination of zygotic seeds of A. nordmanniana also indicate a negative effect from late germination on seedling growth even after two years (unpublished data). This could be an effect of the shortened first growing season but also just reflect less viable seeds causing the delay in germination. Fast germination could therefore be an additional quality trait to consider when scoring for SE capabilities of clones.



4.4 Temperature effects on germination

Chilling influences both the depth of the mature seed’s primary dormancy and later stimulates dormancy breaking (Batlla and Benech-Arnold, 2010). The importance of temperature during seed development for the control of timing and success of the breaking of dormancy and in effect start of germination was also demonstrated in Pinus contorta var. latifolia and Picea glauca (Moench) Voss x Picea engelmannii Parry ex. Engelm. and Tsuga heterophylla (Liu and El-Kassaby, 2015). Further studies showed that seed dormancy and germination was correlated with changing levels of endogenous ABA, GA, and auxin and specifically a modulation of interactions between central auxin-signaling pathway components (TIR1/AFB, Aux/IAA and ARF4; Liu and El-Kassaby, 2015). It was previously demonstrated that most if not all Abies species go through seed dormancy (Baskin and Baskin, 2014) and respond to stratification with increased and elevated germination rates (Edwards, 2003). The stratification temperature was shown to affect germination percentage and mean germination time in Abies marocana (Hatzilazarou et al., 2021). The result from the present study shows that temperature during germination is determining the success rate (Figures 3A, B) and time of germination (Figure 4A) also for somatic embryos of A. nordmanniana and A. bornmuelleriana with an optimal temperature for germination at 4°C (Figure 3A). Similarly, somatic embryos of A. cephalonica were desiccated at high relative humidity at 4°C for three weeks before being transferred to germination (Krajňáková and Häggman, 2016). Cold storage at 4°C before germination was also applied to P. abies somatic embryos (Tikkinen et al., 2018b), and A. nordmanniana somatic embryos have been successfully vernalized at 7°C (Nawrot-Chorabik, 2016).



4.5 The effect of LED light intensity during germination

Light sources used in greenhouses and for indoor production of plants in general can be described by a number of characteristics, e.g. intensity (µmol m-2 s-1), quality or color (wavelength in nm) and direction and duration, which in numerous ways impact plant physiology and secondary metabolism (Ouzounis et al., 2015). Zygotic tree seedling growth can be manipulated by changing wavelength and intensity, but responses varies between species, root versus top, and developmental stage of the seedling (e.g. Montagnoli et al., 2018; Navidad et al., 2020). The light-quality has been shown to have a strong influence on the success of germination of somatic embryos in Picea abies such that blue light seemed to broadly inhibit germination processes whereas red light acted stimulatory for the germination process (Kvaalen and Appelgren, 1999). Germination from seeds were however not notably affected by the different light qualities in these experiments.

LED lights of different wavelength have been tested showing that white light (400-700 nm) was the best compared to blue, red and far-red light for germination of somatic embryos in A. nordmanniana (Nawrot-Chorabik, 2016). In another study on Picea abies germination, LED lights were tested at 2500K (Valoya L14 spectrum AP67 Milky LED, Valoya Oy, Helsinki, Finland) from 5 to 150 µmol m-2 s-1 together with other factors during germination, however a specific effect from the light intensities could not be identified (Tikkinen et al., 2018b). For optimal height growth in the greenhouse, it was concluded that 150 µmol m-2 s-1 was less effective than the higher rates (Tikkinen et al., 2018a) suggested from previous studies (Landis et al., 2010; Rikala, 2012). Varis et al., 2021 found little effect of low-intensity LED lights (Valoya L14 spectrum AP67) during proliferation, and at the end of maturation. Germination of P. abies was later shown to be successful under an intensity of 190–210 µmol m-2 s-1 (Valoya L14 spectrum AP67 Milky LED, Valoya Oy, Helsinki, Finland) with an 18 h/6 h day/night photoperiod (Välimäki et al., 2021). These studies agree with our study using white LED light (4000K) after germination for photoautotrophic growth where low intensities seemed to have little effect and best results were seen for 100-200 µmol m-2 s-1. This was also found to be optimum for growth of zygotic Picea abies seedlings after testing light intensities from 50 to 400 µmol m-2 s-1 (Velasco and Mattsson, 2019). A light intensity level of 100-200 µmol m-2 s-1 is also used for numerous species in greenhouse production (Ouzounis et al., 2015). In our study growth under continuous light (24h) was applied for the first 8 weeks of photoautotrophic growth to stimulate increased growth as was previously demonstrated for Picea pungens seedlings grown under continous light (Young and Hanover, 1978). However, a long-day treatment could affect growth cessation and annual growth rhythm (Ekberg et al., 1979) causing problems for acclimatization when moved to the greehouse for final plant development.



4.6 Practical implications from cumulative effects on SE plant growth

The cumulative effect of consecutive steps of SE plant production has been described for P. abies (Högberg et al., 2003). It was found that epicotyl length and presence of lateral roots at time of ex vitro transfer were important selectable traits for obtaining an overall more homogenous plant material. Also, cold storage of embryos, a low nitrogen content in the germination medium and limited time for in vitro germination (one week) were factors shown to have a strong positive effect on plant growth and survival in P. abies (Tikkinen et al., 2018b).

The concept of selection at different production steps to optimize growth and quality is well known from commercial bare-root nursery practices for zygotic plants. Selection procedures include sorting of seeds to discard empty and small seeds prior to sowing, sorting of two-year old seedlings before transplanting, and finally, sorting of 3-year or 4-year plants by a minimum height or collar diameter depending on buyer demands.

By applying the same principle to SE plant production, initial embryo quality would resemble seed quality. Although initial embryo quality was evaluated in the same way for all clones and there was a strong general trend of improved germination with higher initial embryo quality scores, clones showed large differences in successful germination even from similar initial embryo scores (Figure 3C) and for similar proportions of high-quality embryos (Figure 3D). This implies that the visual appearance of the embryo prior to germination can be used for selection for successful germination, however the specific clone performance also has to be considered. The best embryo is the best only within the clone since the overall performance will largely depend on the specific clone. Additionally, the early-germinated embryos seem to have the best subsequent development irrespective of embryo score and clone (Figure 6C).

A central step is moving plants in plugs to the commercial nursery (in vitro step 2 to ex vitro step 3; Figures 2 and 8). Only transferring fully green plants having at least five needles or above (vitality score 6+; Figure 9B) will result in a survival rate of close to 80% after the nursery step. Similarly, number of needles at end of the first part of in vitro autotrophic growth (step1) was strongly related to height-growth (step 3; Figure 9C). Both observations indicate that the number of needles is a strong trait to use for selection for further successful cultivation. A stepwise selection procedure potentially helps to lower production costs and to overcome excess variation within clones, and also limits the final need for sorting/selection of the commercial plants as was suggested previously for P. abies (Högberg et al., 2003).

In the present study, across all steps and traits measured, clones have a strong influence on the general performance of SE-based plant propagation. In P. abies, both family and genotype within family strongly affect the propagation success and determine how many genotypes that can be successfully initiated and grown into plants (Högberg and Varis, 2016). Differences in growth and survival between P. abies SE clones have also been described (Högberg et al., 2003; Tikkinen et al., 2018a; Tikkinen et al., 2018b). In our study, clones showed differences in nearly all steps starting from the initial embryo quality, proportion of high-quality embryos, germination, and finally survival and height after three years of nursery growth. Our data is however too limited to document family and species differences but clearly demonstrate the clonal differences. Optimizing protocols for single clones might be possible, however the strong clonal variation in the potential to multiply and mature PEMs, germinate mature embryos and establish and grow plant arguably reflects many multi-gene effects within the clones and therefore optimization for single clones could be difficult. A pragmatic approach is simply to work with the ‘easy’ clones for SE plant propagation (Högberg and Varis, 2016). However, for long-rotation forest tree species, planting of selected clonal families pose a problematic risk of losing genetic diversity if successful numbers within families are too skewed (Rosvall et al., 1998) whereas for short rotation species like Christmas trees when clone testing is applied, the risk is less. In Denmark, for A. nordmanniana and partly A. bornmuelleriana, the application of SE for commercial use is already underway with clonal field trials established in 2014-2015 and 2019-2021 holding a total of approximately 625 clones (Find, 2016; Nielsen, 2022, unpublished data). A ‘superior’ Christmas tree combines numerous characteristics (Nielsen et al., 2020) e.g., crown symmetry, needle orientation, steady growth, numerous branches, postharvest needle retention, fungus, and insect resistance that are all measured during scheduled evaluations.




5 Conclusion

There is strong clone effect present in most of the traits measured as important for the SE propagation process. Furthermore, most traits evaluated during germination and growth not only influence the nearest consecutive step, but some also impact growth and survival three years later. This highlights the importance of viewing the production of SE plants as a consecutive row of strongly interrelated steps. Selection based on key-traits during the developmental process can be an important tool to improve quality as well as economy by saving time needed for handling and demand for space. A pragmatic approach for improving A. nordmanniana SE production could be to first select clones with known, good SE performance, only use high quality embryos (score >7), germinate at 4°C, discard embryos germinated after 10 weeks and further, only transplant plantlets having at least a 2 mm white root and five needles, and at time of transfer to greenhouse discard plants of poorer vitality (<score 6). Optimizing embryo quality by improved methods for cultivation and better understanding of selection criteria are attractive targets for further investigation.
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Vegetative propagation opens opportunities for the multiplication of elite tree progeny for forest regeneration material. For conifers such as Norway spruce (Picea abies) the most efficient vegetative propagation method is seed multiplication through somatic embryogenesis. Efficient culture methods are needed for somatic embryogenesis to be commercially viable. Compared to culturing as clumps, filter disc cultures can improve the proliferation of embryogenic tissue (ET) due to more even spread and better developmental synchronization. In this study, ET proliferation on filter discs was compared to proliferation as clumps. The study comprised 28 genotypes in four trials. The benefits of adding a pre-maturation step and the selection of fresh ET for the subculture were evaluated. Pre-maturation on hormone-free media before maturation did not significantly improve embryo yield but improved greenhouse survival from 69% to 80%, although there was high variation between lines. Filter disc cultivation of ET did result in better growth than in clumps but was more dependent on ET selection and the amount of ET than the clump cultivation method. Filter proliferation also favors certain lines. Post-maturation storage can be used to change the storage compound composition of the produced mature embryos. The embryo storage compound profile was analyzed after post-maturation cold storage treatments of 0, 4, 8, 31, and 61 weeks and compared to that of the zygotic embryos. Cold storage made the storage compound profile of somatic embryos closer to that of zygotic embryos, especially regarding the raffinose family oligosaccharides and storage proteins. Sucrose, hexose, and starch content remained higher in somatic embryos even through cold storage. Prolonged storage appeared less beneficial for embryos, some of which then seemed to spontaneously enter the germination process.




Keywords: somatic embryogenesis (SE), Picea abies, forest regeneration material, desiccation tolerance, raffinose family oligosaccharides (RFO), cold storage, pre-maturation



Introduction

The mounting pressure to eliminate fossil fuel consumption is increasing the need for efficient biomass production and thus the demand for high-quality forest regeneration material. Norway spruce [Picea abies (L.) Karst] is one of the most important timber species in Europe. However, its seed production is compromised by irregular flowering and pests (Nikkanen and Ruotsalainen, 2000; Pukkala et al., 2010). Vegetative propagation can be used to supplement the production of high-quality seed, and the most efficient vegetative propagation method for conifers is the multiplication of zygotic embryos by somatic embryogenesis (SE) (Bonga, 2015). SE enables the production of uniform and high-quality forest regeneration material (Denchev and Grossnickle, 2019), with potential to utilize genetic markers for the selection of desired traits (Park et al., 2016; Edesi et al., 2021).

Efficient and optimized culture methods alongside automation are needed to scale up the process, thus mitigating costs and making SE commercially relevant. Robust methods applicable to many cell lines are needed to maintain the genetic diversity of vegetatively produced forest regeneration material. For embryogenic tissue (ET) proliferation, multiple methods, including suspension cultures and bioreactors, may be used for scaling up (von Arnold et al., 2002; Egertsdotter et al., 2019; Välimäki et al., 2021), yet different semi-solid culture techniques need to be evaluated. The in vitro culture of ET on filter discs with Pinus sylvestris (L.) (Lelu-Walter et al., 2008; Aronen et al., 2009), Pinus pinaster (Ait.) (Lelu-Walter et al., 2006), and hybrid larches (Larix x eurolepis and Larix x marschlinsii) (Lelu-Walter and Pâques, 2009) leads to faster proliferation than cultivation as clumps on semi-solid media. This could be attributed to better culture dispersion and more even access to media (Mamun et al., 2018). However, a proliferation of ET on the filter can also affect both the number and quality of cotyledonary embryos produced later during the maturation phase (Aronen et al., 2009). For maturation itself, ETs are generally dispersed onto filter paper (Klimaszewska et al., 2001; Tikkinen et al., 2018a), which improves embryo yield compared with clump cultivation (Jiang et al., 2021). The transfer of ET from proliferation to maturation is often done through pre-maturation, which improves ET synchronization and response to maturation stimuli (Bozhkov et al., 2002). However, adding extra steps to the process increases costs, and the benefit of pre-maturation needs to be evaluated before implementation.

After maturation, embryos can immediately be germinated and transplanted. However, this may not be optimal for greenhouse survival (Tikkinen et al., 2018b). Desiccation treatments following maturation can be used to improve embryo quality (Högberg et al., 2001; Hazubska-Przybył et al., 2015), imitating drying that takes place in the late-stage development of zygotic embryos and priming the protein synthesis machinery for germination instead of embryo development (Attree et al., 1995). However, desiccation treatment adds another step to the process. A simpler alternative is to transfer the cotyledonary embryos on maturation plates into cold storage, which also improves the greenhouse survival of somatic embryos (Lipavská et al., 2000; Tikkinen et al., 2018b). In addition, the ability to store mature embryos makes large-scale production more flexible, because embryos can be produced throughout the year and then germinated before the growing season (Attree et al., 1995; Tikkinen et al., 2019). The carbohydrate changes that happen in embryos in cold storage and in soft desiccation treatments are very similar (Konrádová et al., 2003). These two treatments, applied at the end of maturation, induce stress, which triggers metabolic changes that lead to the acquisition of desiccation tolerance (Pond et al., 2002). These changes are decisive for the adaptation of the embryos to the subsequent steps for an orthodox seed: their desiccation and then their germination.

The aim of the present study was to investigate the possibilities of streamlining Norway spruce SE propagation. In four trials (Trials I–IV) using a total of 28 lines from 11 families, we studied the effect of ETs spread in a thin layer on filter discs and cultured as clumps on the proliferation rate and embryo production capacity (I and II). The benefits of a separate pre-maturation step (I) and the selection of only fresh ET for subculture and maturation (II) were evaluated. The application of filter disc and clump proliferation in a large-scale set-up to study their effect on production rate and the potential for commercial propagation were tested (III). The performance of the produced embryos was also followed through cold storage and germination up to their greenhouse performance (I, II). The consequences of cold storage duration (at +2°C for 4, 8, 26, and 61 weeks) for the storage compound quantity and profile of somatic embryos were analyzed (IV).



Materials and methods


Plant material

The Norway spruce embryogenic cell lines (later referred to as lines) were initiated in 2014 according to Klimaszewska et al. (2001) from immature seed embryos extracted from cones from full-sib families of progeny-tested plus trees. The lines were cryopreserved, thawed, and maintained as described by Varis et al. (2017). The lines used in each trial are presented in Table 1. In Trial IV, pooled samples of zygotic embryos extracted from cold-stored seeds ready for planting (Seed Orchard 170) were used for comparison.


Table 1 | SE lines and families used in different trials.





Proliferation

The ET was grown on semi-solid Litvay’s modified medium (mLM) (Litvay et al., 1985; Klimaszewska et al., 2001) according to Varis (2018) with 1% (w/v) sucrose and half concentrations of macro-elements with pH adjusted to 5.8. The plant growth regulator 2,4-dichlorophenoxyacetic acid (2,4-D) and 6-benzylaminopurine concentrations were 10 and 5 µM respectively. The media was solidified with 4 g/l gellan gum (Phytagel, Sigma Aldrich), and 500 mg/l L-glutamine was added after autoclaving by filter sterilization. The media (21 ml per plate) was dosed in 92 x 16 mm sterile Petri dishes (Sarstedt). Until it was used in the trials and as control treatments (referred to as selected clumps), ET subculturing was done every 2 weeks by selecting newly grown fresh ET and placing it onto new media as clumps.

The proliferation of the ET as clumps and spread on filter discs (Munktell no. 1, diameter 7 cm, Ahlstrom-Munksjö, Falun, Sweden) placed on semi-solid media was compared in Trials I, II, and III (Table 2; Figure 1). In Trial I, all subculturing was done by selecting fresh ET for fresh media, either on filter discs or as clumps. The filter disc cultures in Trial I, were done based on the protocol by Lelu-Walter et al. (2006) by suspending around 200 mg ET into a sterile polypropene tube (13 ml, VWR) filled with 5 ml of hormone-free liquid culture medium. The tube was shaken vigorously, and the contents poured onto a filter disc placed in a Büchner funnel and dried with a low-pressure pulse. The filter paper with ET was then placed onto fresh proliferation media. The fresh ET was meticulously picked from the clumps using forceps. Clump cultures were proliferated in plates filled with ca. 20 clumps weighing a total of around 700 mg. Every line in every treatment was proliferated on three replicate plates.


Table 2 | Proliferation and maturation results from Trials I and II.






Figure 1 | ET of line 2891 immediately after subculture (A), and one-week after subculture before transfer to maturation (B) on filters (left) and as clumps (right) in Trial III.



In Trial II, two rounds of selected subculturing were done for both clumps and filter discs as in Trial I, except the amount of subcultured ET was around 300 mg for all treatments (Table 2). Selective subculturing was compared with subculturing without selection. The unselected clumps were subcultured by dividing them into smaller pieces, which were placed on fresh media. A stencil with 13 marked spots was used to keep subculturing uniform throughout the trial. The unselected filter disc cultures were first started by picking full clumps instead of selected ET for dispersion. For the subculture, ET was picked from a random sector of the filter disc using a stencil. If insufficient ET was present in the given sector, picking continued clockwise to the next sector.

In the more practice-oriented Trial III, the focus was on evaluating the suitability of filter culture for large-scale production. When cryopreserved and thawed ET started to grow, it was divided into clump and filter cultivation. The subculturing of the filter cultures was carried out by picking most of the tissue from the plates, suspending it in hormone-free liquid mLM in a 50 ml sterile tube, and pipetting 5 ml aliquots of suspension onto filter papers, which were dried in a Büchner funnel with a low-pressure vacuum pulse and transferred to fresh proliferation media. Clumps were subcultured by picking all the fresh ET for fresh proliferation plates. The cultures were compared based on how soon it was possible to conduct 40 maturations from each line and based on maturation yield as embryos/g of fresh weight (FW).



Maturation

In all trials, maturation was done according to Tikkinen et al. (2018a) by suspending fresh ET from proliferation media into 3 ml hormone-free liquid maturation medium and pouring the suspension onto a filter paper (Munktell no. 1, diameter 5.5 cm) in a Büchner funnel. The filter paper was dried with a low-pressure pulse and placed on a semi-solid maturation medium with 60 g/l sucrose and 30 µM (±)-abscisic acid (ABA).

In Trial I, a one-week pre-maturation treatment on hormone-free mLM maturation medium was tested for both selected clump and filter disc cultures. Pre-maturation (1 week, +25°C, in darkness) was done by transferring the clumps or filter discs with ET onto pre-maturation media. ET from the same proliferation plates was used one-week earlier for maturations without pre-maturation. Fresh ET was selected from the pre-maturation for the maturations, which were carried out as previously described.

In Trial II, besides using the fresh ET from selected clumps and selected filters, ET from unselected clumps was randomly picked for maturation by picking whole clumps, and from unselected filters by picking ET from a random sector of the filter disc. In addition, ET from unselected clumps was picked selectively for maturation. The maturation time was 7 to 8 weeks, and all good morphology (at least four cotyledons, straight and intact stem) cotyledonary somatic embryos were counted from the plates, after which the plates were moved to cold storage (darkness, +2°C). The embryos from Trial I were stored for 22 to 23 weeks, from Trial II for 3 to 4 weeks, and from Trial IV for 4, 8, 26, and 61 weeks. In Trials I and II, the number of cotyledonary embryos was counted again after cold storage (6 months in cold storage in Trial I and less than a month in cold storage for Trial II).

In Trial III, 40 maturations were made from both clumps and filters (selecting fresh ET) in five two-week intervals. The results were analyzed based on how soon after thawing sufficient ET for 40 maturations was available. In Trial III, cotyledonary embryos were counted from a randomly selected sample of the plates to estimate the potential difference in embryo production between filter and clump proliferation. The samples were three random plates from the first set of five maturations for each line in each treatment, and then one random plate for every five maturations.



Germination and transplantation

All the good morphology cotyledonary embryos from Trials I and II were germinated for 1 to 2 weeks in 190–210 μmol/(m2 s) photosynthetic photon flux under Valoya L35 spectrum AP673L Clear LED lights (Valoya Oy, Helsinki, Finland), with an 18 h/6 h day/night photoperiod (Tikkinen et al., 2018b). The embryos were transplanted into Plantek 81F containers (81 separate ventilated compartments of 85 cm3) filled with peat-based substrate in a greenhouse in July 2021. Survival (alive or dead) was evaluated from photographs taken 41 days after transplantation.



Storage compound analysis

The embryos were matured for Trial IV as previously described from the selected clumps. Embryos matured for 7 weeks (five samples of 50 mg for the protein sample and three samples of 70 mg for the carbohydrate sample) were snap-frozen in liquid nitrogen at four different timepoints: immediately after the maturation period, 4, 8, 31, and 61 weeks into cold storage. The samples were stored at −80°C until analysis. Zygotic embryos and megagametophyte were extracted from Picea abies mature seeds. Soluble proteins were extracted from five biological replicates of samples as described by Teyssier et al. (2014). About 50 mg FW of frozen material was extracted with 0.5 ml of lysis buffer containing 2% (w/v) polyvinylpolypyrrolidone (PVPP, Sigma), 5% (v/v) β-mercapto-ethanol, 2% v/v sodium dodecyl sulfate (SDS), 50 mM Tris HCl (pH 6.8), and 10% (v/v) glycerol. The samples were extracted twice. Protein content was determined using the Bradford assay, with bovine serum albumin as a standard. The results (mean ± standard error of five biological repetitions) were expressed as soluble protein content in µg/mg FW. The same quantity of extracted proteins (15 µg) was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% gel with stacking gel (4%), following standard protocols. The gel was stained for proteins with colloidal Coomassie Brilliant Blue G-250 (CBB-G). Soluble carbohydrates and starch were identified and quantified following Gautier et al. (2018). Briefly, ethanolic supernatants of powdered extract from lyophilized samples (initially 70 mg FW) were purified using activated charcoal (Merck) and PVPP, dried, suspended in water, and injected into a Chromaster high-performance liquid chromatography system (VWR Hitachi) equipped with a Rezex™ RPM-Monosaccharide Pb+2 (8%) column (Phenomenex), then eluted with ultrapure water at a flow rate of 0.6 ml/min. The carbohydrates in the eluates were quantitatively detected with an evaporative light scattering detector (ELSD) 85 (VWR Hitachi), and the peak areas were electronically integrated using OpenLAB CDS EZChrom (Agilent). The carbohydrates were identified by co-elution with standards (Sigma), quantified from calibration curves and expressed in mg/g dry weight (DW). The samples’ starch content was determined in glucose equivalents by analyzing amyloglucosidase hydrolysates of residual pellets of the extracts after soluble carbohydrate extraction (Gautier et al., 2019) using the “D-glucose assay procedure” kit (Megazyme). Each sample was assayed in triplicate.



Statistical analysis

ET growth and embryo yield were tested for normality with the Kolmogorov-Smirnov and Shapiro-Wilk tests, and for homogeneity of variance with the Levene test. If the data were not normally distributed, a non-parametric test (Mann-Whitney U-test) was used. Data with unequal variances were analyzed with Welch analysis of variance (ANOVA), with Games-Howell as post hoc, and transformed to square root for normality if required. Normally distributed data with equal variances were analyzed with one-way ANOVA with Bonferroni post hoc. The statistical tests used for each dataset in Trials I and II are specified in Table 2, and when filter and clump cultivation were compared in Trial III, the Mann-Whitney U-test was used. Greenhouse survival in Trials I and II was analyzed with logistic regression, and treatment, line and placement in growth containers (row, column) were used as covariates. The location of each plant inside the container was not significant and was therefore omitted from the final models. The biochemical analyses in Trial IV were analyzed with one-way ANOVA and with multiple comparisons of means with Tukey contrasts. The percentage of effect factor was calculated as a percentage of the sum squares. Hierarchical ascendant cluster analysis (HCA) was calculated using Ward’s minimum variance clustering method, and the Euclidian distance as a measure of similarity. In all cases, the differences were considered significant when p < 0.05. The statistical analysis was carried out using IBM statistics 27 or R software (version 4.1.3, © 2009–2022 RStudio, PBC).




Results


Proliferation

The highest ET growth rate in relation to inoculum size was achieved in Trial I with filter disc cultures and ca. 200 mg inoculum (Table 2; Supplementary Table S1). In Trial II, the filter culture inoculum was increased to around 300–350 mg, but ET obtained after 2 weeks did not increase as in Trial I. In Trial I, a large (690–770 mg) inoculum was used for ET cultured as clumps, resulting in limited growth in relation to inoculum mass (Table 2; Supplementary Table S2). In Trial II, more comparable inoculum was used for both clump and filter disc cultures than in Trial I, and no significant differences were found in growth rates.

The selection of fresh ET for the subculture significantly improved proliferation in the filter but not in the clump cultures (Trial 2, Table 2). At the beginning of Trial III, the filter disc cultures initially produced more ET, and a larger number of maturations was gained, but the difference was levelled after the second round of maturations (Figure 2). Eventually, a slightly higher proportion of the goal (40 maturations per line) was achieved with clump-cultured ET.




Figure 2 | Visualization of maturation progress in Trial III with two weeks between each maturation round. In Trial III, the goal (100%) was to get 40 maturation plates from all 19 lines used in the trial for both clump and filter proliferation. The factor limiting the progress was the amount of ET in the proliferation plates.





Maturation yield

In Trial I, embryo yield was significantly higher from pre-matured ET grown on filters than from ET grown as clumps and matured without pre-maturation (Table 2; Supplementary Table S1). Without pre-maturation, filter-cultured ET produced more embryos, but the difference was not significant. Embryo yield from selectively subcultured and matured ET grown on a filter disc was superior to the other treatments in Trial II (Table 2; Supplementary Table S4). However, the difference was not significant compared to ET subcultured without selection as clumps but selected for maturation.

More cotyledonary embryos were counted after cold storage in Trial I (+37% after six months of cold storage) and II (+18% after 28 days of cold storage) than at the end of the maturation period. The exact embryo numbers from each line and treatment are presented in Supplementary Tables S5, S6.

In Trial III, filter disc cultures produced significantly more embryos than clump-grown ET (p < 0.01, Mann-Whitney U-test) (Figure 3). However, some lines performed significantly better when ET was matured from clump cultures. Lines from three families were used in Trial III, and lines from two families produced significantly more embryos after proliferation in filter (p > 0.01 for both) than in clumps. From one family, embryo yield was higher from clump-grown ET, but the difference was not significant (p = 0.47).




Figure 3 | Embryo yield from Trial III, comparing ET proliferated on filter discs or as clumps. Mean embryo yield and standard error of the mean for a line and overall are presented. The number of plates (n) for each line in each treatment is presented inside each bar.





Greenhouse survival

In Trial I, pre-maturation increased the greenhouse survival of embryos, especially from ET cultivated using filter discs (Figure 4; Supplementary Table S7). The number of cases predicted correctly by the model was improved only when pre-maturation status was applied as a covariate with line (Table 3). With pre-maturation, embryo survival was 80%; without pre-maturation, it was 69% when data from filter- and clump-originated embryos were combined. The effect of culturing method (clumps or filter discs) was not significant and did not improve the predicted cases and was excluded from the final model. The overall survival in Trial I was 75%.




Figure 4 | Greenhouse survival of embryos from Trials I and II. The survival was evaluated from photographs 41 days after transplantation. The number of embryos transplanted from each treatment is presented inside the base of the columns.




Table 3 | Logistic regression model of greenhouse survival after 41 days in Trial I.



In Trial II, overall survival was 58%, which is lower than in the previous trial, probably because of extensive liverwort growth in multiple containers. The difference between treatments was small (Figure 4; Supplementary Table S8), but there were many differences between lines. Line was the only variable, which improved correctly predicted cases, indicating the minimal effect of either proliferation treatment or SE selection on embling survival (Table 4). The effect of location in the container (row or column) was excluded from both final models, as it was not significant and did not improve the models’ prediction.


Table 4 | Logistic regression model of greenhouse survival after 41 days in Trial I.





Storage compound analysis

In Trial IV, the storage compounds considered were total proteins, soluble carbohydrates, and starch. Their quantities fluctuated considerably in somatic embryos, depending mainly on the duration of cold storage and to a lesser extent the genotype (p < 0.01, storage effect of 80.0% or 74.3% and genotype effect of 5.4% or 5.7% for proteins and carbohydrates respectively (Supplementary Table S9; Figure 5).




Figure 5 | Storage compound content of the cotyledonary somatic embryos at the end of maturation (0), after 4, 8, 26, or 61 weeks of cold storage (4, 8, 26, or 61), or in the mature zygotic embryos (ZE). Values are means of five replicates for carbohydrate assay (on the left axis) and three replicates for protein assay (on the right axis). The statistical results of the multiple comparisons of means are given in the (Supplementary Table 10). Stac, stachyose; Raff, raffinose; Suc, sucrose; Glu, glucose; Fru, fructose; DW, dry weight; FW, fresh weight.



The protein content in cold-stored embryos increased during storage, reaching the level of zygotic embryos at 4 weeks (Figure 5; Supplementary Table S10). However, somatic embryo protein content dropped significantly between 26 and 61 weeks of storage, and at 61 w, it was lower than before cold storage. The embryo protein content also changed qualitatively, as demonstrated by the SDS-PAGE gel in Figure 6. The change was related to the storage time, and mainly concerned the storage proteins which disappeared after 8 weeks of storage. From 26 weeks, all globulins were depleted, whereas other proteins were synthetized. Simple carbohydrate content (fructose, galactose, glucose, chiro-inositol, and myo-inositol) did not change with storage time, in contrast with sucrose content, which increased with storage time (Figure 5; Supplementary Table S10). The raffinose family oligosaccharides (RFOs) were practically absent at the end of maturation. Cold storage rapidly increased RFO content to the level of RFOs in zygotic embryos. Raffinose accumulated throughout the storage; stachyose did so only during the first weeks of storage and then decreased between 26 and 61 weeks. Starch content initially decreased (4 or 8 weeks) and then increased compared to mature embryos before cold storage. Somatic embryos always had a higher starch content and lower stachyose content (except for 8 weeks) than zygotic embryos. According to the carbohydrate profile of the samples, cold storage for 4 weeks seemed to be the treatment that approximated somatic embryos most to zygotic embryos. This was confirmed by the HCA, (Figure 7) calculated on all 11 quantitative components (individual sugars and proteins). The principal clusters separated the samples mainly according to the duration of the treatment, separating the short from the long.




Figure 6 | SDS-PAGE total protein profile in somatic embryos (line 3,416) according to cold storage time (from 0 to 61 weeks), compared with the zygotic embryo (ZE) profile. Molecular weights of protein markers (kDa) are given in the left-most line (MM). The location of major storage proteins in the protein pattern, given by the megagametophyte (MG) profile, is indicated with arrows. The major modifications of the protein abundances induced by the storage time are indicated on the corresponding bands by a black triangle (ψ increase; ξ decrease).






Figure 7 | Hierarchical clustering analysis of zygotic embryos (ZE) and stored cotyledonary somatic embryos sampled at the end of maturation or after 4, 8, 26, or 61 weeks of cold storage (0, 4, 8, 26, and 61 respectively) of the cell lines 3416, 4024, 4334 or 5111. Clustering was based on the entire available quantitative dataset (fructose, galactose, glucose, maltose, sucrose, myo-inositol, chiro-inositol, stachyose, raffinose, and starch and total protein content).






Discussion

The highest ET growth rate was achieved with filter disc cultivation and 200 mg inoculum (Trial I). However, the total ET mass it was possible to maintain on a single proliferation plate was lower for filter disc cultures than for cultures grown as clumps. In Trial II, using inoculum of 300–400 mg in both filter disc and clump cultures resulted in a similar growth rate for both proliferation methods. Thus, faster bulk up of ET can be achieved with filter disc cultures, but more ET can be maintained as clumps. No benefit is achieved for filter disc cultures from an increase of inoculum from 200 to 300 mg. On the contrary, even higher growth rates may be achieved with lower inoculum, which is the case for Pinus sylvestris and P. pinea (Aronen et al., 2009; Carneros et al., 2009). In Trial III, a more production-oriented approach was taken to evaluating filter disc cultivation. Filter disc subcultures were conducted based on visual estimation without weighing the ET. Despite this, filter disc cultures initially produced more ET, and thus material for almost double the maturations on the first maturation round compared with clump proliferation. though filter disc cultures sustained lower ET mass, more of it was fresh growth suitable for maturation. In addition, on filter discs ET is loose on the paper and easy to collect, whereas pulling fresh ET from clumps takes more time and attention. By the end of the Trial III, a slightly higher proportion of target maturations was achieved from clump cultures. The higher amount of ET in clump cultures may allow them to regenerate more between the maturation rounds and be more viable in the prolonged upkeep and multiple rounds of subculture. Moreover, when using filter discs for either ET proliferation or maturation, the quality of the paper can affect the results depending on the preferences of the propagated material (Pullman et al., 2003).

In all trials, filter-proliferated ET produced more embryos than ET proliferated as clumps, but the difference was not always significant. The embryo yield from different treatments varied among lines, with some lines producing more embryos from clumps and some from filters. In Trial III, which had the most lines, a significant difference between filter- and clump-grown ET was found. Lines from three crossings were used in the trial, and the lines from family E799 x E1366 especially benefited from filter cultivation. Differences in embryo yield between and within lines are commonly observed when testing SE, which highlights the need for trials with enough lines.

The selection of fresh ET from the clumps’ periphery did not significantly improve proliferation. Meticulous selection of ET for subculture is recommended for better ET quality (Denchev and Grossnickle, 2019). However, only two rounds of subcultures were conducted and the difference might have become visible with a longer culture period. On the other hand, with filter cultures, selecting fresh ET improved the proliferation rate. In Trial III, the selection of ET was done, but more superficially, which may explain the decline in filter disc cultures after the first round of subcultures. The selection of fresh ET in proliferation and maturation had a greater impact when matured from filter culture than from clumps. This indicates that at least some degree of selection of ET is necessary for successful maturation, especially when plating ET for maturation.

Pre-maturation increased cotyledonary embryo yield and nursery survival, especially when embryos were matured from filter grown ET. Proembryogenic tissues predisposed to proliferation inducing plant growth regulators, especially auxin 2,4-D, are less responsive to maturation (Garcia et al., 2019). Pre-maturation on hormone-free medium is often recommended to mitigate transfer from proliferation to maturation (von Arnold et al., 2002). Activated charcoal or alternative carbon sources can also be used to enhance pre-maturation (Denchev and Grossnickle, 2019). Pre-maturation can synchronize ET development and prime ET for maturation triggered by ABA and increased osmotic stress on maturation media stimuli (Filonova et al., 2000; Bozhkov et al., 2002; Tikkinen et al., 2018a; Garcia et al., 2019). In Picea abies, suspension cultures rinsing the ET placed on the filter in a Büchner funnel before suction and plating for maturation is instrumental for maturation success (Välimäki et al., 2021). Based on the results, pre-maturation may improve greenhouse survival for otherwise poorly performing lines, such as 3492 in Trial I. Although this is an additional step in the process, it may be justified to capture a larger number of lines and ensure genetic diversity in production, without increasing plant loss during growing in nursery. In this study, pre-maturation was conducted for whole cultures after the removal of ET for maturation. It is possible that some cultures did not completely regenerate during pre-maturation, and that less ET was available for maturation from the pre-maturation plates than from the initial proliferation plates.

More embryos were available for germination after cold storage than before it. This is a novel finding, which indicates post-maturation development of embryos in cold storage conditions. As the cultures are not synchronized, some embryos are not properly developed after 7–8 weeks of maturation, but continue their development in cold storage. Some cotyledonary embryos also go through precocious germination during prolonged cold storage, but cold storage still appears to have a net benefit for embryo yield.

Cold can induce the acquisition of desiccation tolerance (Pond et al., 2002; Konrádová et al., 2003; Clark et al., 2010; Liao and Juan, 2015), which is beneficial to germination (Maruyama and Hosoi, 2012; Liao and Juan, 2015). The acquisition of this tolerance is obtained through radical modifications of the cells’ biological processes, taking them from maturation to preparation for germination. This may explain the better greenhouse survival of cold-stored embryos (Tikkinen et al., 2018b). Acquisition of desiccation tolerance is characterized at the molecular level mainly by an increase in storage reserves, the synthesis of molecules protecting the molecular structures from desiccation, the synthesis of proteins involved in the germination and a drastic decline in ABA, a germination inhibitor (Hoekstra et al., 2001). According to Liao and Juan (2015), cold treatment applied to P. abies cotyledonary embryos under conditions similar to ours leads to a drastic decline in ABA from 6 weeks of storage.

During cold storage, the carbohydrate and protein content of the somatic embryos increased. The carbohydrate spectrum shifted with an increase in sucrose, which is favorable to germination and the regulation of osmotic pressure (Attree et al., 1991; Bomal et al., 2002; Businge et al., 2013). The observed accumulation of stachyose and raffinose plays a vital role in the protection against damage during desiccation (Lipavská et al., 2000). The increase in RFOs after a short cold storage period is in line with Konrádová et al. (2003). As RFOs were practically absent in somatic embryos at the end of maturation, cold storage brought their storage compound profile closer to that of zygotic embryos. However, the carbohydrate storage (measured in per mg of DW) of somatic embryo doubled the proportion of carbohydrate reserves in somatic compared to zygotic embryos. The starch and sucrose content remained high and even slightly increased with all somatic lines during cold storage. The higher starch content in somatic than in zygotic embryos is in line with results obtained with P. glauca (Joy et al., 1991). In general, the sucrose and starch content in somatic embryos seems to be positively correlated with the sucrose and ABA content of the culture medium (Businge et al., 2013; Hazubska-Przybył et al., 2016), and their content strongly decreases when mature somatic embryos of P. abies are maintained in the absence of culture medium (Eliášová et al., 2022). In our study, since there was no input of ABA or sucrose during storage, the observed increases in sucrose and starch must be related to one or more other cold-induced biological processes, which may be the origin of the degradation of some stachyose into raffinose from 26 weeks of storage.

Cold storage induced a slight increase in protein content up to 26 weeks of storage. This slight increase confirms that the accumulation of protein reserves in conifers occurs mainly during maturation (Joy et al., 1991; Cui et al., 2021; Eliášová et al., 2022), even before the acquisition of desiccation tolerance. In our study, the cold-induced protein content modification was also qualitative, with a significant reduction in certain storage proteins and the appearance of a few bands. While the embryos were stored on their nutrient-rich maturation medium, the decrease in storage proteins did not reveal a consumption of storage reserves for the functioning of the cells, but it marked the initiation of germination for the embryos (Misra et al., 1993; Bornman et al., 2003; Businge et al., 2013), which was more evident from 26 weeks. The appearance of new proteins, or the increase of already present proteins, in relation to the duration of storage may correspond to the synthesis, or consolidation, of proteins specific to protection against desiccation damage (late embryogenesis-abundant proteins, heat shock proteins, proteins related to oxidative stress, etc.) or to germination (establishment of photosynthesis, root, and hypocotyl elongation).

Thus, cold storage would contribute to the observed better greenhouse survival of somatic embryos in Tikkinen et al. (2018b) through all the induced molecular modifications, bringing them, regardless of the storage time, closer to zygotic embryos. This proximity, highlighted by the hierarchical clustering analysis, is more pronounced with the embryos stored for 4 or 8 weeks. Storage for up to 8 weeks therefore seems suitable for Picea abies somatic embryos, which is the case for P. glauca embryos (Pond et al., 2002), to induce the acquisition of desiccation tolerance and its favorable effects on germination. The more pronounced disappearance of the storage proteins and the reduction in stachyose from 26 weeks of storage prompt us to limit the storage of the embryos to a shorter period. Indeed, cold storage did not lead to water loss (results not shown). Moreover, the non-quiescent embryos continued to evolve, as shown by the profiles of the storage compounds. This phenomenon has already been observed for embryos kept in maturation for too long, which then seemed to enter germination (Lelu-Walter et al., 2008). This leads to the mobilization of storage proteins (a decline in protein content at 61 weeks) and lipids, in particular triglycerides, the hydrolysis of which leads to the formation of starch (Jordy and Favre, 2003). The unexpected start of germination when the culture conditions are not optimal leads to a decrease in germination rates when the germination step is triggered (Bornman et al., 2003; Tikkinen et al., 2018b).

In conclusion, filter disc culture can improve the ET growth and cotyledonary embryo yield of P. abies. However, proliferation as clumps appears to be more consistent in capturing as many lines as possible and more suitable for prolonged culture upkeep. The benefits of filter disc cultures in increased growth and embryo yield could be most efficiently achieved when it is used for bulking up the tissue immediately before maturation, and at least superficial selection of ET should be implemented, both for subculture and maturation. The pre-maturation step could be considered to improve the greenhouse survival of poorly performing lines. Cold storage makes the storage compound profile of somatic embryos closer to that of zygotic embryos. The increase in RFOs during cold storage can trigger the process of acquisition of the desiccation tolerance, which redirects the embryo cellular machinery from maturation to germination, thus improving greenhouse survival. For optimal results, this storage should be short (up to 8 weeks) to ensure the germination itself is not initiated if the environmental conditions are not optimal. However, longer storage is not detrimental and can be done if necessary to spread the workload throughout the year for larger production volume.
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Plant regeneration is a well-known capacity of plants occurring either in vivo or in vitro. This potential is the basis for plant micropropagation and genetic transformation as well as a useful system to analyse different aspects of plant development. Recent studies have proven that RNA species with no protein-coding capacity are key regulators of cellular function and essential for cell reprogramming. In this review, the current knowledge on the role of several ncRNAs in plant regeneration processes is summarized, with a focus on cell fate reprogramming. Moreover, the involvement/impact of microRNAs (miRNAs), long non-coding RNAs (lncRNAs) and small-interfering RNAs (siRNAs) in the regulatory networks of cell dedifferentiation, proliferation and differentiation is also analysed. A deeper understanding of plant ncRNAs in somatic cell reprogramming will allow a better modulation of in vitro regeneration processes such as organogenesis and somatic embryogenesis.
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Introduction

Plant propagation through in vitro culture techniques, usually known as micropropagation, is a useful biotechnological set of tools that can contribute to satisfying the food and aesthetical needs of the growing world population, mainly, for horticultural plants, such as fruits, vegetables and ornamentals. However, most underlying mechanisms remain unclear and achieving an effective in vitro regeneration, via somatic embryogenesis (SE) or organogenesis, is still challenging for many species. Besides the huge natural variation in plant regeneration capacity between and within species and/or genotypes (Lardon and Geelen, 2020), many obstacles and difficulties prevent reaching suitable protocols to induce plant cell reprogramming and effective regeneration. These bottlenecks may be related to more technical aspects such as contamination or browning of the explants, and/or to different settings requirements (nutrients, plant growth regulators, solidifying agents, pH, osmotic stress, light and temperature) (Abdalla et al., 2022). But they can also be related to the in vitro regeneration process itself, for instance, the difficulty of in vitro establishment and propagation, the recalcitrance or low explant responsivity, which can depend on the plant donor age and/or type, on the oxidative state of the explant, on callus proliferation without organogenic or embryogenic ability, on the difficulty in maintaining and proliferating embryogenic cultures or on the formation of abnormal somatic embryos (Correia et al., 2012a; Martínez et al., 2019). Such constraints cause in vitro regeneration processes to be frequently based on trial-and-error experiments, which reduces their effectiveness. Both organogenesis and SE can be induced directly in the explant or through a two-step process in which a callus phase first occurs followed by shoot or somatic embryo formation from the callus cells (Long et al., 2022). In any of the regeneration pathways, a complex series of events occurs that is controlled by genetic and epigenetic mechanisms that are still poorly understood (Ikeuchi et al., 2019). Moreover, either organogenesis or SE involve cell proliferation and further differentiation with the formation of shoot meristems or embryos that go through different morphological stages until a complete plant could be obtained. For example, in the case of SE, totipotency must be acquired, embryo development must go through different morphological phases (globular, hearth-shaped, torpedo and cotyledonary), and maturation must be achieved before somatic embryos germinate into plantlets (Méndez-Hernández et al., 2019). This complex series of interconnected events must be precisely controlled for the regeneration process to be successful. Among these factors are physiological, cellular, biochemistry and genetic factors. Understanding the molecular framework of these processes is crucial for improving protocols and overcoming those hindrances for several crops. In this review, we focused on a field of investigation that has been assuming an increasing relevance in the understanding of the mechanisms involved in developmental transitions, more specifically the regulatory role of non-coding RNAs (ncRNAs) on cell reprogramming and in vitro plant regeneration. This field has undergone important advances in animal cell systems, but in plants it remains little explored.

The development of advanced technologies for sequencing and characterizing RNA has revealed key players in the biology of organisms hitherto unknown. Currently, it is known that the eukaryotic cell transcriptome encompasses a wide variety of RNA forms that differ in their biogenesis, mode of action and function. Messenger RNAs (mRNAs) are very well-known RNAs, as they are the templates for protein synthesis. However, these RNAs represent only around 2% of the 90% of the eukaryotic genome that is transcribed into RNA (Rai et al., 2019). The remaining 98% of the transcriptome has no protein-coding capacity and is transcribed from what was previously called junk DNA (Ariel et al., 2015). Nevertheless, it is now known that these genetic information-containing molecules are functional and grouped into two categories (Waititu et al., 2020): the housekeeping and the regulatory ncRNAs. The housekeeping, also called infrastructural or constitutive ncRNAs, are abundant in all cell types and include ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). Being constitutively expressed, these ncRNAs regulate generic basic cellular functions maintaining them (Zhang et al., 2019a). In turn, the regulatory ncRNAs modulate gene expression at transcriptional, post-transcriptional and epigenetic levels (Zhang et al., 2019a) as indicated in Figure 1. They include transcripts longer than 200 nucleotides (nt), the long ncRNAs (lncRNAs), but also RNAs shorter than 30 nt in length, the small RNAs (sRNAs). In plants, sRNAs, such as microRNAs (miRNAs), small-interfering RNAs (siRNAs) and phased siRNAs (phasiRNAs), have been recently discovered and characterized (Borges and Martienssen, 2015).




Figure 1 | Functions of regulatory ncRNAs in plant cells.



The regulatory functions of plant ncRNAs in several biological processes are arousing a growing interest (Böhmdorfer and Wierzbicki, 2015; Yu et al., 2019; Bhogireddy et al., 2021; Song et al., 2021). In turn, in animals, ncRNAs are known as regulators of embryogenesis since they are responsible for developmental transitions and have a pivotal role in cell fate determination, controlling the specification and differentiation of cell types and organ morphogenesis (Pauli et al., 2011; Kanwal et al., 2020). Moreover, ncRNAs are proving to be indispensable in somatic cell reprogramming, specifically in the acquisition and maintenance of pluripotency (Luginbühl et al., 2017).

The ability of some organisms to return some cell types to a meristematic state and regenerate new tissues, organs or whole organisms during post-embryonic development is particularly remarkable in plants (Ikeuchi et al., 2016; Kareem et al., 2016). Their developmental plasticity is used by some species as a reproductive strategy or to survive damage for instance, by the replacement of a lost part after wounding (Perianez-Rodriguez et al., 2014; Ikeuchi et al., 2016). In vitro, plant regeneration can be achieved by culturing differentiated tissues or organs in a medium with appropriate nutrients and plant growth regulators. This can occur through three mechanisms: 1) SE, a process in which a somatic cell gives rise to an embryo that later develops into a complete organism (expression of totipotency); 2) organogenesis, which involves the formation of new organs from mature non-meristematic tissues (reflecting pluripotency) and 3) proliferation of axillary shoot meristems (Kumar, 2011). Thus, induced SE and organogenesis processes are noteworthy systems to study the molecular mechanisms underlying plant cell reprogramming, including ncRNA-mediated regulation.

Being sessile organisms, cell reprogramming is required by plants to cope with the multitude of edaphic-climatic stresses they experience during post-embryonic development and for the expression of totipotency and/or pluripotency. In induced regeneration processes, cell reprogramming is also required and can be achieved directly, with no dedifferentiation stage, or indirectly, involving major reprogramming, depending on culture conditions (Paul et al., 2011; Acanda et al., 2013; Sánchez and Dallos, 2018; Zhang et al., 2021). (Atta et al., 2009; Sugimoto et al., 2010; Chandler, 2011; Perianez-Rodriguez et al., 2014). Furthermore, changes in cell fate are accompanied by deep changes in metabolic pathways (Kanwal et al., 2020). In animal cells, for example, a general metabolic switch from oxidative phosphorylation to glycolysis is required for reprogramming and to acquire the ability to proliferate indefinitely (Wu et al., 2016). Likewise, Araucaria cell lines with high embryogenic potential were associated with the presence of glycolysis-related proteins (dos Santos et al., 2016). Reinforcing the need for energy metabolism for the achievement of embryogenic potential, glucose metabolism-related proteins were predominantly expressed during the SE of tamarillo (Correia et al., 2012b). Moreover, glycosylases are involved in DNA demethylation (Zhao and Chen, 2014), necessary for cell reprogramming as described later in this review.

Despite being reported as key regulators in plant SE (Chen et al., 2018; López-Ruiz et al., 2019a; Siddiqui et al., 2019; Alves et al., 2021), the ncRNAs’ involvement in plant cell plasticity is still far from being fully understood. Nevertheless, the increasing evidence of the importance of the ncRNAs-mediated regulation in cell pluripotency and regeneration ability brings to light important questions to discuss, such as: (1) To what extent do ncRNAs impact plant regeneration processes? (2) Which regulatory networks are most involved/affected? (3) How can this knowledge be used to modulate induced regeneration processes? Thus, in this review, we highlight the current knowledge on the role of several ncRNAs on the intrinsic plant pluripotency and regeneration capacity, focusing mainly on the regulatory roles of miRNAs, siRNAs and lncRNAs.



miRNAs

miRNAs are the most abundant class of sRNAs and are encoded by MIR genes and transcribed by RNA POLYMERASE II (Pol II). Despite its tiny length of only 20-22 nt, these molecules are involved in gene expression regulation, acting post-transcriptionally by cleaving their target mRNA transcripts or causing translational repression (Yu et al., 2017). miRNAs are involved in almost every intracellular event, despite being highly tissue type-dependent and, therefore, their expression patterns and timings vary among species and throughout development. Although essential for plant meristem maintenance, growth and proliferation control, miRNAs are also emerging as key players in somatic to embryonic cell reprogramming, given their capacity in modulating gene expression (López-Ruiz et al., 2019a).

Kanwal et al. (2020) showed that variation in miRNAs expression can enhance or inhibit the reprogramming towards diverse cell types. Also, numerous studies in a wide range of plant species have pointed out differential miRNAs expression in tissues undergoing not only dedifferentiation but also further regeneration (Figure 2). During the dedifferentiation phase, plant tissues present a general increase in miRNAs levels (Luo et al., 2006; Szyrajew et al., 2017). Nevertheless, when the callus phase is reached, some miRNAs exhibit low expression levels, as is the case of miR156, miR160, miR166, miR395, miR396 and miR397, which might be a response to the dedifferentiation stimulus (Gao et al., 2019; Juárez-González et al., 2019). Tissues with high embryogenic potential show high miRNAs levels compared to less embryogenic ones, mainly miR156, miR164 and miR394 in maize (López-Ruiz et al., 2019b). This suggests that these miRNAs are likely enhancers of the embryogenic response and modulation of their expression in non-embryogenic tissues could overcome recalcitrance. Besides the low miRNAs levels in non-embryogenic callus, some of them were reported as up-regulated in this type of calluses such as miR169, miR172, miR390, miR395 and miR408 (Zhang et al., 2010; Wu et al., 2015). Silencing these miRNAs in this kind of calluses or tissues could enhance embryogenic competency and ultimately its expression. When hormone depletion occurs in plant regeneration, there is a slight decrease in the miRNAs amount followed by a new accumulation (López-Ruiz et al., 2019b). Surprisingly, tissues in either the callus or plant regeneration phase show a high accumulation of miRNA targets, similarly to what happens with miRNA levels (López-Ruiz et al., 2019b).




Figure 2 | General overview of the involvement of several miRNAs families in various stages of plant cell reprogramming during in vitro indirect somatic embryogenesis. Pictures of Solanum beataceum illustrate key stages of the regeneration process.



Recently, in explants going through later developmental stages and, hence, with lower embryogenic potential, it was found a decrease in the levels of development-related miRNAs and an accumulation of stress- and nutrient- transport-related miRNAs (Juárez-González et al., 2019). This suggests that these last miRNAs are blocking embryogenic potential acquisition, preventing totipotency achievement, probably due to imposed stress and hormone concentration during dedifferentiation. Indeed, unlike moderate stress, which is beneficial for dedifferentiation, excessive stress causes loss of totipotence (Peng et al., 2020).

Cell dedifferentiation goes along with cell wall loosening, which might be associated with miR397-mediated down-regulation of laccases, enzymes involved in cell wall lignification and thickness (Constabel et al., 2000; Sun et al., 2018). Indeed, the levels of expression of miR397 increase during the initial phases of the SE process (López-Ruiz et al., 2019a). In callus tissue, miR397 expression undergoes a slight decline allowing accumulation of laccases and hence lignin deposition, which can be explained by the fact that this tissue contains lignified parenchyma cells (Cao et al., 2020). During plant regeneration phases, miR397 accumulates continually, reaching the highest levels in the adventitious shoots, suggesting a major regulatory role in morphogenesis during advanced differentiation (Liu et al., 2014). Curiously, in conifer, miR397 predominate in somatic embryos but greatly decreased in zygotic ones (Rodrigues et al., 2019).

As miR397, miR160 and miR166 were also defined as key repressors of callus initiation, by modulating the interplay between auxin and cytokinin during organogenesis and through regulation of auxin biosynthesis and response genes, respectively (Cao et al., 2020). Nevertheless, miR160 was proven to be engaged in the embryogenic transition targeting AUXIN RESPONSE FACTORS (ARF) 10 and 16 and contributing to the LEAFY COTYLEDON2-mediated auxin-related pathway induced in Arabidopsis thaliana SE (Wójcik et al., 2017). Also contributing to this pathway is the miR65/166 that targets PHABULOSA/PHAVOLUTA and is involved in meristem maintenance (Wójcik et al., 2017). Despite the decrease in the expression levels of these three miRNAs (miR160, miR166 and miR397) during the change from differentiated cells to callus stages, they increase their expression at further differentiation stages (López-Ruiz et al., 2019b).

miR156, highly conserved in plants and targeting SQUAMOSA PROMOTER BINDING PROTEIN-LIKE genes, was confirmed to be involved in callus formation by regulating the cytokinin signalling pathway in citrus (Long et al., 2018; Cao et al., 2020), in modulating redifferentiation during induction of organogenesis in Acacia crassicarpa (Liu et al., 2014), in in vivo regeneration in tomato (Cao et al., 2020), and also in the ability to form somatic embryos from citrus embryogenic callus (Chen and Zhang, 2016).

Accumulation of miR159a, miR319a, miR162, miR171q, miR390a and miR396 seems to be required for embryogenic callus formation in A. crassicarpa organogenesis (Liu et al., 2014) and rice SE (Luo et al., 2006). miR159, which was reported as the most abundantly expressed in tissues under regeneration (Cao et al., 2020), also modulates gene expression during embryogenic callus differentiation in several species such as A. crassicarpa, larch and longan (Zhang et al., 2012; Lin and Lai, 2013; Liu et al., 2014).

After hormone depletion, miR156, miR164, miR168, miR397, miR398, miR408 and miR528 tend to increase, regardless of photoperiod absence/presence, demonstrating the great influence of hormone on specific miRNA expression during plant regeneration (Chávez-Hernández et al., 2015). However, photoperiod seems to influence miR164a, miR167a and miR168a expression levels that increase when callus is cultured in the light as well as some miRNAs targets (Chávez-Hernández et al., 2015). The increase of those miRNAs reveals their stage-specific functions in bud formation (Wu et al., 2011; Liu et al., 2014).



Long non-coding RNAs

lncRNAs are transcripts longer than 200 nt that are transcribed by Pol II and can be grouped in linear and circular lncRNAs (lincRNAs and circRNAs, respectively) and sub-grouped according to the genome region from which they arise, i.e., intergenic, intronic and coding region (Yu et al., 2019). These poorly conserved RNA molecules function as precursors of miRNAs and other sRNAs (Liu et al., 2015) and regulate chromatin remodelling, transcription process and post-transcriptional processing (Mercer et al., 2009).

Compared to humans and other animals, only a few plant lncRNAs have been studied (Zhang et al., 2019b). Despite the limited functional characterization of most lncRNAs, studies so far have uncovered a wide range of possible functions and molecular mechanisms mediated by plant lncRNA activities (Kim and Sung, 2012; Datta and Paul, 2019). Acting in cis or trans modes, lncRNAs regulate the expression of neighbouring or distant genes, respectively, during different plant developmental processes (Yu et al., 2019). Although recent studies have exposed the role of lncRNAs in the control of cell differentiation and pluripotency maintenance in animal stem cells (Guttman et al., 2011; Chen and Zhang, 2016), similar evidence was not yet fully described for plant cells. Nevertheless, an increasing number of functional studies suggest the contributions of lncRNAs as essential modulators in plant responses to abiotic stresses (Urquiaga et al., 2021).

Indeed, a few reports describe the role of lncRNAs during the induction of SE, a stress-induced plant regeneration process. During SE in longan, some lncRNAs were found differentially expressed and revealed to be involved in gene expression regulation during the process by regulatory networks with miRNAs and mRNAs (Chen et al., 2018). For instance, some lncRNAs function as blockers of miRNA cleavage, which greatly affect the regulation of plant cell differentiation and the development process (Chen et al., 2018). This is the case of the lncRNA INDUCED BY PHOSPHATE STARVATION1 (IPS1) that acts as a target-mimic of miR399 and averts the cleavage of its target mRNA (Franco-Zorrilla et al., 2007). Also, in white spruce, the stress-induced SE was reported to be regulated by a lncRNA-miRNA-mRNA network (Gao et al., 2022). In this study, three lncRNAs (MSTRG.33602.1, MSTRG.505746.1, and MSTRG.1070680.1) were found to positively regulate target genes involved in stress response, auxin signal transduction and early somatic embryo development. Having a protective, or sponge effect, for miRNAs targeting these genes, these lncRNAs are therefore involved in SE and ultimately contribute to the embryogenicity of mature somatic embryos (Gao et al., 2022).

As cell reprogramming inherent to plant regeneration can be understood as a stress-responsive event, the increasing number of lncRNAs described with a regulatory role in plant development and response to various stresses can also be understood as being related to plant developmental plasticity. For instance, the lncRNA LONG DAY-SPECIFIC MALE-FERTILITY-ASSOCIATED RNA (LDMAR) was found to be essential for rice fertility (Ding et al., 2012). As a lncRNA involved in pollen development, LDMAR could also be involved in other developmental transitions such as the ones that occur during plant regeneration. Another example is the case of asHSFB2a, which controls the expression of the heat shock factor HSFB2a after heat stress with influence on vegetative and gametophytic development in Arabidopsis (Wunderlich et al., 2014). With a validated role in development transitions, more studies in the asHSFB2a action could bring to light its participation in cell reprogramming. BoNR8 (AtR8 lncRNA homolog in Brassica oleracea) negatively affects seed germination, seedling root growth and silique development in Arabidopsis (Wu et al., 2019) Localized in the epidermal tissues of the root elongation zone and induced by abiotic stresses and auxins, this lncRNA is a potential regulator of in vitro-induced regeneration processes.

The lncRNAs involved in specific developmental transitions are possible candidates to study as cell reprogramming regulators as well. The lncRNA ALTERNATIVE SPLICING COMPETITOR (ASCO) is an alternative splicing competitor in Arabidopsis, that modulates the splicing patterns of some genes and introduces changes during specific developmental transitions, such as the ability to form lateral roots from pericycle cells (Bardou et al., 2014). In the same way, the lncRNAs related to flowering, such as COLD-INDUCED LONG ANTISENSE INTERGENIC NON-CODING RNA (COOLAIR) (Chen and Penfield, 2018), may also affect the developmental transitions that occur during pluripotency acquisition and expression.

Since plant regeneration is an auxin-dependent process, the lncRNAs involved in plant development through auxin transport and signalling may also be important players during this process. Accordingly, five lncRNAs (LTCONS-00006334, LTCONS-00008111, LTCONS-00025525, LTCONS-00030223 and LTCONS-00055024) targeting ARFs were found differentially expressed during longan early SE (Chen et al., 2018). Another lncRNA involved in auxin signalling is AUXIN-REGULATED PROMOTER LOOP (APOLO) which is involved in the modulation of PINOID (PID), a key regulator of polar auxin transport during root growth in Arabidopsis (Ariel et al., 2014) (Figure 3).




Figure 3 | lncRNAs involved in induced plant somatic embryogenesis and other developmental processes. Some lncRNAs still require functional validation.





Other ncRNAs

snRNAs are a class of ncRNAs with 100–200 nt in length. These uridine-rich sRNAs constitute the spliceosome, the molecular machinery that catalyzes pre-mRNA splicing (Will and Lührmann, 2011). It was demonstrated that to achieve in vitro cell dedifferentiation and organogenesis, higher levels of snRNAs are required than those for seedling development (Ohtani et al., 2015). This suggests the critical role of the splicing capacity in cell pluripotency expression.

siRNAs are double-stranded 20-24 nt long RNA molecules. In plants, they include heterochromatic siRNAs (hc-siRNAs), natural antisense transcript siRNAs (nat-siRNAs), trans-acting siRNAs (tasiRNAs), repeat-associated siRNAs (ra-siRNAs) and long siRNAs (lsiRNAs) (Zhang et al., 2019a). siRNAs lead to gene silencing acting either at the transcriptional level, by inducing epigenetic modifications such as DNA and/or histone methylation, or at the posttranscriptional level, inducing mRNA degradation (Borges and Martienssen, 2015). In vitro cultured plant cells undergo extensive epigenetic reprogramming which results in changes in the DNA methylation patterns (Zhang et al., 2018). The increase or decrease of 24 nt siRNAs is correlated with hyper or hypomethylation of the corresponding target genes, respectively (Matzke et al., 2009). Thus, several studies have pointed out a relation between the amount of 24 nt siRNAs and the tissue embryogenic potential, by their impact on genetic reprogramming (Elhiti et al., 2013). In maize, a decrease in the 24 nt siRNAs population is associated with the establishment of embryogenic callus (Alejandri-Ramírez et al., 2018) and, in turn, an increase was observed in fewer embryogenic tissues (Juárez-González et al., 2019). On the contrary, in citrus, a lower abundance of 24 nt siRNAs in non-embryogenic callus has been reported (Wu et al., 2015). Likewise, in grapevine, larger amounts of 24 nt siRNAs were found in embryogenic samples compared to non-embryogenic (Dal Santo et al., 2022). Also, an overrepresentation of 24 nt siRNAs was associated with SE synchronism (Zhang et al., 2014). Thus, as noted by Dal Santo et al. (2022), a readjustment of 24 nt siRNAs appears to be essential for embryogenic commitment.

The multigenerational protection against invasive transposable elements has been described as an important function of 24 nt ncRNAs, particularly at late seed set in conifers, altering developmental programs (Liu and El-Kassaby, 2017).

Recently, López-Ruiz et al. (2020) revealed a dynamic tasiRNAs regulation mediated by ARFs in in vitro plant regeneration. The authors concluded that miR390 and tasiRNAs-ARFs contribute differently to the embryogenic potential depending on the plant species and the in vitro culture process (López-Ruiz et al., 2020). For instance, in cotton embryogenic callus, three tasiRNAs (TAS3a, TAS3b, and TAS3d) were found up-regulated while TAS3c was down-regulated (Yang et al., 2013), pointing to a role of these RNAs in SE regulation.

Recently, chromatin-enriched ncRNAs (cheRNAs) were identified as positive regulators of genes related to somatic cell reprogramming, being required for cell dedifferentiation and plant regeneration ability in rice (Zhang et al., 2022).

Despite not being essential for the restart of cell division during tissue culture, rRNA transcription is upregulated and required during the dedifferentiation of plant cells (Ohtani, 2015).



Conclusions

As important genetic and epigenetic regulators, ncRNAs have proven to be essential to achieve pluripotency, and hence, plant regeneration capacity, through gene expression regulation and chromatin remodelling. Indeed, stress-enhanced embryogenicity is achieved through ncRNAs networks that modulate the epigenetic state of the somatic cell towards pluripotency. As stated in this review, an important class of ncRNAs, miRNAs, are proven as key elements in plant regeneration and totipotency, and an increasing amount of evidence integrates their action with lncRNAs that target important genes in such developmental mechanisms. Nevertheless, and despite the growing number of works that demonstrate differential expression of lncRNAs in regeneration processes, there are no functional studies on lncRNAs in induced plant cell reprogramming and regeneration.

Once ncRNAs are gene expression modulators, variation of their expression, by overexpression or downregulation, alters the expression of specific key genes of cell reprogramming which in turn could improve in vitro regeneration processes. For instance, overexpression of embryogenic-related miRNAs, such as miR156, would increase explants’ regeneration capacity. In the same way, downregulation of stress- and nutrient-transport-related miRNAs could unlock embryogenic potential acquisition.

Despite appreciable success in understanding the role of miRNAs in plant development, the functions and biological mechanisms of other emerging ncRNAs are still unclear. Intensive efforts are needed to ascertain the functional and regulatory role of ncRNAs in plant cell reprogramming. This is crucial to modulate and improve in vitro-induced regeneration processes.

Studies have demonstrated multiple mechanisms of lncRNAs in animals, such as lncRNA-encoded peptides and interaction with DNA or RNA methylases and demethylases; however, the mechanism of action of lncRNAs to regulate RNA methylation of mRNA and protein expression has not been reported in plants. Although plant lncRNAs involved in these functions have not been reported yet, the increasing amount of evidence from other biological systems gives reasons to believe that many of the unknown functions of lncRNAs will be realized through these nodes. The rapid evolution in the integration of data generated by different omics tools is allowing better correlations between coding and non-coding transcriptomes, particularly in the interaction between mRNA-miRNA-lncRNA, revealing new functional interactions whose validation will be crucial for a full understanding of the regulatory mechanisms and their possible modulation. These mechanisms of ncRNA action in plants can provide directions for future research, and more functions of plant ncRNAs can be determined.
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Regeneration is extremely important to pepper genetic development; however, the molecular mechanisms of how the callus reactivates cell proliferation and promotes cell reprogramming remain elusive in pepper. In the present study, C. baccatum (HNUCB81 and HNUCB226) and C. chinense (HNUCC22 and HNUCC16) were analyzed to reveal callus initiation by in vitro regeneration, histology, and transcriptome. We successfully established an efficient in vitro regeneration system of two cultivars to monitor the callus induction of differential genotypes, and the regenerated plants were obtained. Compared to C. chinense, there was a higher callus induction rate in C. baccatum. The phenotype of C. baccatum changed significantly and formed vascular tissue faster than C. chinense. The KEGG enrichment analysis found that plant hormone transduction and starch and sucrose metabolism pathways were significantly enriched. In addition, we identified that the WOX7 gene was significantly up-regulated in HNUCB81 and HNUCB226 than that in HNUCC22 and HNUCC16, which may be a potential function in callus formation. These results provided a promising strategy to improve the regeneration and transformation of pepper plants.
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Introduction

A genetic transformation is an important tool for functional genome research and an effective technique for crop breeding (Altpeter et al., 2016). The method of plant transformation depends on plant tissue culture in vitro, which is an initial step of plant transformation. However, Capsicum spp. is a recalcitrant plant that has some obstacles in tissue culture and organ differentiation in vitro (Kothari et al., 2010), which is a major bottleneck in pepper transformation. Therefore, establishing an efficient regeneration system is extremely vital for pepper genetic development.

Plants have a complex physiological and molecular process for dealing with regeneration (Ikeuchi et al., 2013). Many regulated genes have been extensively characterized, which play an essential role in the regeneration of plants. For example, previous studies revealed that phytohormones play a key role in callus induction, and auxin-related genes are regarded as an important regulator in regeneration, including Gretchen Hagen 3 (GH3), small auxin upregulated RNA (SAUR), and Auxin/Indole-3-Acetic Acid (AUX/IAA) (Méndez-Hernández et al., 2019). The transcription factor (TFs) WUSCHEL (WUS) was strongly expressed in some callus. It was found that overexpression of WUS generated callus and somatic embryos in Arabidopsis. Moreover, WUS interactions with CLV3 establish a feedback loop between the stem cells (Zuo et al., 2002; Iwase et al., 2011). Interestingly, multiple TFs have been postulated involving somatic callus competence, including LATERAL ORGAN BOUNDARIES DOMAIN (LBD) (Fan et al., 2012), WOUND INDUCED DEDIFFERENTIATION1 (WIND1), bud regeneration enhancer 1 (ESR1) (Iwase et al., 2017), Baby Boom (BBM) (Heidmann et al., 2011; Chen et al., 2022), and WUSCHEL RELATED HOMEOBOX (WOX) (Ikeuchi et al., 2021). In addition, studies have shown that DNA methylation and histone might be both associated with gene expression, and this mechanism could control cell differentiation and dedifferentiation (Ikeuchi et al., 2015).

Pepper (Capsicum spp.) is one of the most important crops and is widely applied for seasoning, pharmaceuticals, and cosmetics (Kothari et al., 2010). Pepper is cultivated worldwide because of its superior adaptability (Qin et al., 2014). The research on the pepper reference genome has accelerated the identification of genes related to important biological processes (Kim et al., 2017). A large number of studies have been widely performed to optimize the protocol of callus regeneration and transformation of various pepper species (Lee et al., 2004; Sanatombi and Sharma, 2008; Sanatombi and Sharma, 2012). However, as pepper is highly recalcitrant for regeneration and transformation, the underlying mechanism remains unclear. Therefore, it is necessary to reveal the key regulatory network of pepper regeneration.

This study constructed the regeneration system of C. baccatum and C. chinense and obtained the regenerated plants by in vitro regeneration. To find key regulated genes to the phase change of cotyledon petiole explants and callus initiation in pepper, we sought to perform histologically, and transcriptome analysis of four inbred lines with different organogenesis rates. In the process of in vitro regeneration, we found a phase transition phenomenon of pepper explants. Besides, we identified some enrichment pathways involved in organogenesis. Several candidate genes were described related to auxin transport, metabolism, and cell development, which have been previously identified to be associated with regeneration. Our findings provide an important molecular framework that supplies in-depth insight into the genetics of pepper regeneration.



Results


Establishment of in vitro regeneration system by exogenous hormones

6-Benzylaminopurine (6-BA) and 3-Indoleacetic acid (IAA) were applied to detect the optimum concentration of exogenous hormones for somatic callus induction. Cotyledons with petioles of 15-20 days seedlings were used as explants. In media B6 (MS+ 13.32µM 6-BA+ 2.85µM IAA), the induction rates of HNUCB81 and HNUCB226 were the highest (72.58% and 66.22%), and the best induction media for HNUCC22 and HNUCC16 was B4 (MS+ 13.32µM 6-BA+ 0.57µM IAA), and the induction rates were 48% and 37%, respectively. Compared with C. chinense in the B1 media, C. baccatum induction rate was slightly higher (57.89% and 52.86%) (Figure 1A and Supplementary Table S1). Furthermore, we induced adventitious buds by supplementing cytokinin TDZ alone, but the induction effect was poor.




Figure 1 | Construction of in vitro regeneration system. (A) callus induction rate, (B) elongation induction rate, and (C) roots induction rate of the four inbred lines. Abscissa indicated the media name. The regeneration induction growth status of pepper of (D) C. baccatum (HNUCB81), (E) C. baccatum (HNUCB226), (F) C. chinense (HNUCC16), and (G) C. chinense (HNUCC22), respectively.



We further found that the application of 6-BA + IAA with differential GA3 led to an increased elongation rate. The best elongation induction rates of HNUCC22 and HNUCC16 were 66.78% and 64.61% in E6 media (MS + 13.32µM 6-BA + 5.71µM IAA + 11.55µM GA3), respectively. While HNUCB81 and HNUCB 226 could obtain higher elongation induction rates (74.27% and 60%) in media E5 (13.32µM 6-BA + 5.71µM IAA + 5.78µM GA3). Besides, a high concentration of 6-BA resulted in a low elongation induction rate (Figure 1B and Supplementary Table S2).

The rooting induction rate of supplemented IAA was the optimum among the four inbred lines. In media R2 (1/2MS + 1.14µM IAA), the highest rooting induction rate of the four inbred lines was obtained, which was over 60%. In addition, adding a certain amount of NAA can also induce a good rooting induction rate in C. chinense. On the contrary, it could obtain a quite low induction rate in C. baccatum (Figure 1C and Supplementary Table S4). Therefore, we constructed the regeneration systems of two cultivars (Figures 1D–G). Further studies were carried out through the comparison of different genotypes.



Phenotypic and histology evaluation of pepper

Compared with elongation and root induction rate, C. chinense callus differentiating rate was lower than C. baccatum. We investigated the phenotypic differences between in vitro plantlets at an early stage. For C. baccatum genotypes HNUCB81 and HNUCB226, a few adventitious-like buds could be observed at the cotyledon petiole tip at the S2 stage. Some plantlet-like structures were growing at the S3 stage. HNUCC22 and HNUCC16 produced only some callus and did not format adventitious during the three stages (Figure 2A).




Figure 2 | Phenotypic of pepper callus at three development stages. (A) The growth status of the embryonic callus of four genotypes, Bar=2mm; (B) The anatomical morphology of callus at different stages. (tr: vessels, pc. Parenchyma cells, mcm: Meristematic cell mass, and me: Meristemoid.).



To gain insight into the morphological variation of four lines, the histological analysis examined the organogenesis of pepper regeneration. It was found that the differentiation of parenchyma cells near the epidermis was dedifferentiated and restored the ability to divide under the stimulation of phytohormones from C. baccatum. Compared with C. chinense, the cells of HNUCB81 and HNUCB226 were arranged more densely during the S2 and S3 stages. However, loosely packed with large cellular spaces of HNUCC22 and HNUCC16. Furthermore, we found that the bud primordia produced by pepper tissue culture originated from several layers of parenchyma cells with the callus (Figure 2B).



Transcriptome sequencing of pepper callus

We sequenced the transcriptome of the embryonic callus at three different stages to find out how these regulated genes affect pepper shoot regeneration in the early stages of growth. A total of 36 libraries were established by the transcriptome sequencing of different callus levels of four genotypes and by evaluating the repeatability of the data (Supplementary Figure S1). About 151.89 million clean reads were generated. The average GC content was 42.21%, and the Q30 was ~92.56%. Interestingly, the proportion of 92.68% to 84.03% sequencing reads mapped to the C. chinense reference genome, and the remaining reads ranging from 82.25% to 94.07% were uniquely mapped to the four genotypes (Supplementary Table S4).



Differentially expressed genes of different genotypes

C. baccatum and C. chinense demonstrated the greatest differences in S2 and S3; however, they suggested a similar expression profile in the S1 (Figure 3A). Four cluster profiles were indicated, including 7, 17442, 9322, and 1027, respectively (Figure 3B). Moreover, the Venn diagram showed that the common DEGs were higher than the specific DEGs among four genotypes (Supplementary Figure S2). Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Figures 3C-F shows several pathways that play a role in callus regeneration, such as phenylpropanoid biosynthesis, flavonoid biosynthesis, starch and sucrose metabolism.




Figure 3 | DEGs between four inbred lines at differential stages. (A) Heatmap and cluster analysis expression level of DEGs. (B) Magnified regions of 4 subclusters in all DEGs, blue line indicate consensus of each subcluster. (C-F) The top 20 KEGG pathway terms for the DEGs.





Analysis of co-expressed gene networks

Distributed to twenty-three modules to reveal the correlation between the genes at different stages based on the matrix set as soft-thresholding power =10 (Figure 4A). The modules were presented in a hierarchical clustering dendrogram, in which different colors indicate different modules; each branch represents an individual gene (Figure 4B). After filtering. lightcyan, lightyellow, and midnightblue modules were identified, which showed high-association specificity in S2 or S3 (Figures 4C, D).




Figure 4 | Weight-gene co-expression network analysis of pepper callus regeneration. (A) Soft-threshold of pepper callus regeneration. (B) Hierarchical clustering presents 23 modules having co-expressed genes. (C) Hierarchical cluster dendrogram of eigengenes. (D) Heatmap presents the relationship between the module and developmental stages. Red indicated a positive correlation and blue indicates a negative correlation. The heat map indicates gene expression of DEGs in the lightcyan module (E), lightyellow module (F), and midnightblue module (G). The scale shows FPKM values.



Most of the selected somatic regeneration-related genes were significantly up-regulated with a higher organogenesis rate at S2 and S3 (Figures 4E-G). HOX20 was specifically expressed in HNUCB81 but not expressed in the S1 stage. WOX7 was mainly expressed in HNUCB81 and HNUCB226 at S3 but not in S1. AAE2 and SPL10 were specifically expressed in C. baccatum at the S3, and the highest expression was found in HNUCB226 (Figure 4F). IAA16 was specifically at the S1 but had lower expression at the S3 (Figure 4G). A total of 200, 107, and 230 genes were included in three modules, respectively (Supplementary Table S5). The 26 genes that are called “hub genes” were shown in Figure 5 and Table 1 as part of the study.




Figure 5 | Gene network and candidate genes. Heat map showing the relative FPKM of each gene from lightcyan module (r2 = 0.92, p =2e-05) (A), lightyellow module (r2 = 0.89, p =3e-04) (B), and midnightblue module (r2 = 0.91, p =4e-05) (C). The correlation network of the hub gene of lightcyan module (D), lightyellow module (E), and midnightblue module (F).




Table 1 | Information of hub genes.





Enrichment analysis of co-expression

We conducted KEGG on three modules. Interestingly, plant hormone signal transduction and starch and sucrose metabolism were significantly enriched (Supplementary Table S6). In the plant hormone signal transduction pathways, five DEGs were up-regulated in HNUCB81_S3 but down-regulated in HNUCC22_S3 and HNUCC16_S3 of the lightcyan module, which all belong to the auxin-inducible TF family (Figure 6). A total of four and two DEGs were involved in the starch and sucrose metabolism pathway between the lightcyan and lightyellow module, and all of the genes were up-regulated in C. baccatum at the S3. However, the results of the midnightblue module are inconsistent with the other two modules, suggesting that these pathways may not have been activated at the S2 (Figure 7). Furthermore, Gene Ontology (GO) describes the molecular and biological functions of the genes involved in regeneration. DEGs were distributed in the molecular function (MF), cellular component (CC), and biological process (BP) categories, respectively (Supplementary Figure S3 and Supplementary Table S7).




Figure 6 | Pepper regeneration candidate DEGs in plant hormone signal transduction pathway. (A) lightcyan module, (B) lightyellow module, and (C) midnightblue module. The columns in the heatmap were displayed as HNUCB81_S3 vs HNUCC22_S3, HNUCB81_ S3 vs HNUCC16_ S3, HNUCB226_S3 vs HNUCC22_S3, HNUCB226_S3 vs HNUCC16_S3, HNUCB81_S3 vs HNUCB81_S2, HNUCB226_S3 vs HNUCB226_S2, HNUCC22_S3 vs HNUCC22_S2, and HNUCC16_S3 vs HNUCC16_ S2 of pepper regeneration from left to right, respectively.






Figure 7 | Pepper regeneration candidate DEGs in starch and sucrose metabolism pathway. (A) lightcyan module, (B) lightyellow module, and (C) midnightblue module. The columns in the heatmap were displayed as HNUCB81_S3 vs HNUCC22_S3, HNUCB81_S3 vs HNUCC16_S3, HNUCB226_ S3 vs HNUCC22_S3, HNUCB226_S3 vs HNUCC16_S3, HNUCB81_S3 vs HNUCB81_S2, HNUCB226_S3 vs HNUCB226_S2, HNUCC22_S3 vs HNUCC22_S2, and HNUCC16_S3 vs HNUCC16_ S2 of pepper regeneration from left to right, respectively.





TFs involved in callus induction

Previous studies have indicated that TFs play a key role in callus formation by regulating cell differentiation and proliferation (Ikeuchi et al., 2019). We further analyzed the TFs between four inbred lines; 737, 156, 116, and 610 TFs were identified in HNUCC22, HNUCC16, HNUCB81, and HNUCB226 between S2 and S3, respectively. Pkinase, p450, NB-ARC, WRKY, LRRNT_2, HLH, and MYB TFs account for a large proportion (Supplementary Table S8).



Validation of DEGs expression by qRT-PCR

To validate the transcriptome sequencing data, 9 DEGs involved in enrichment pathways were selected for qRT-PCR. The results suggested that the expression patterns of qRT-PCR were the same as those of RNA-seq data, revealing that the RNA-seq data is reliable (Figure 8).




Figure 8 | Correlation between qRT-PCR and RNA-seq based on differentially expressed genes of enrichment pathways at three differentiation stages. HNUCC22, HNUCC16, HNUCB81, and HNUCC226 are represented from left to right at three stages, respectively.






Discussion

Pepper is a highly genotype-dependent, and recalcitrant plant, which leads to the development of in vitro regeneration system being relatively slow. Traditional breeding methods are being gradually updated. Plant biotechnology, including tissue culture and genetic engineering, is gradually becoming an important breeding method to promote the improvement of pepper breeding. It is well known that several genes are involved in explant regeneration, including WOX, BBM, LEC, and WUS (Zhao et al., 2022). Our results indicated that phytohormones play an important role in callus formation by regulating the expression of regeneration-related genes. In addition, WGCNA analysis identified many genes linked to plant hormone regulation, which has a positive correlation with cell differentiation. This study illustrated how pepper conveys a diverse range of signals to regulate the early regeneration process in pepper.


Study on regeneration system of pepper in vitro

Auxin and cytokinin regulate cell division, callus differentiation, and somatic embryogenesis (Pinto et al., 2011). It was reported that the percentage of bud-forming explants was the highest under the induction of 3.4 µM TDZ (Santanabuzzy et al., 2005). Venkataiah reported that the highest induction rate was obtained for C. baccatum when supplemented with 2,4-D and Kinetin (Venkataiah et al., 2016). This study constructed the in vitro regeneration systems of four inbred lines of pepper. C. chinense and C. baccatum somatic callus were produced in the presence of 6-BA and IAA. However, there are distinct differences between the two cultivated species. Our results showed that supplementation with GA3 markedly promoted elongation, but the higher levels of 6-BA inhibited the induction of elongation. Furthermore, we observed that the application of IAA significantly increased the induction of roots in C. chinense. In the induction media of 1.07µM IAA, the ability of pepper to induce rooting was the most significant. These results laid the foundation for genetic transformation and molecular-assisted breeding of pepper.



Plant hormone’s effects on pepper regeneration

Previous studies have reported that plant hormones regulate many aspects of plant growth and development (Su et al., 2011). Auxin, ethylene, and abscisic acid (ABA) hormones are considered to play a positive role in organogenesis and regeneration (Méndez-Hernández et al., 2019). The auxin biosynthesis-related gene AtSAUR36 has been linked to plant cell expansion (Hou et al., 2013). A recent study revealed that ZmSAUR15 has an adverse effect on the embryogenic callus (ECs) formation of maize (Wang Y. et al., 2021). Our study demonstrated that the plant hormone transduction and biosynthesis genes were involved in the process of pepper regeneration potential. We found that most of the auxin-related genes were up-regulated in C. baccatum but down-regulated in C. chinense, indicating that auxin transduction was the key factor of callus regeneration. Moreover, we performed qRT-PCR, showing that the expression of GH3.6 (BC332_20033) and SAUR67 (BC332_29560) increased dramatically at S3, suggesting that these auxin-related genes could enhance pepper’s to promote plant cell division and differentiation. Furthermore, previous studies revealed that IAA might interact with different ARFs, resulting in transcriptional inhibition or activation (Su et al., 2014). These results show that the callus induction process is based on the synergistic effect of phytohormones.



Analysis of starch and sucrose metabolism in callus induction

Sucrose is the main carbohydrate supplement in the culture media. It plays an important role as an energy source and osmosis in the process of organogenesis (Verma and Dougall, 1977; Cui et al., 2019). Moreover, the correlation between starch metabolism and shoot regeneration has been reported in rice (Lee and Huang, 2013; Lee and Huang, 2014) and sorghum (Zhou et al., 2021). Previous studies indicated that SWEET13 and SWEET14 proteins were linked to sugar transport and involved in gibberellin-mediated physiological processes at the seedling stage of Arabidopsis (Kanno et al., 2016). In the present study, SWEET14 was identified as a hub gene in the network. It may be related to the sucrose metabolic pathway. Furthermore, the majority of genes regulated by starch and sucrose were up-regulated in HNUCB81 and HNUCB226 compared with HNUCC22 and HNUCC16. The results revealed that C. baccatum expression was significantly higher than C. chinense during S2 and S3. The findings suggest that these genes may regulate the metabolism of starch and sucrose and play a key role in the process of regeneration.



Roles of WOX gene in the regeneration of pepper

WOX family genes are important in a variety of processes, ranging from callus formation to organ development (Kim et al., 2018; Wang C. et al., 2021; Willoughby and Nimchuk, 2021). It was reported that WOX2 and WOX8/9 were involved in differentiation and somatic embryogenesis (Palovaara et al., 2010; Zhao et al., 2022). Based on the activity of WIND1, WOX13 was rapidly induced, which is a key regulator of callus formation (Ikeuchi et al., 2021). In addition, previous studies found that WOX7 inhibited lateral root initiation and primordium growth (Kong et al., 2016). In contrast, we have shown rapid increases in WOX7 expression in C. baccatum lines between S2 and S3 but it is down-regulated in C. chinense lines. Interestingly, WOX7 was a significant expression within the WGCNA module, consistent with RT-qPCR. It was also found that WOX genes were up-regulated in the high-regeneration lines of maize (Zhang et al., 2019). These results demonstrated that WOX could reflect a positive function in regeneration.



Hub genes involved in regeneration

Several hub genes have been identified via network analysis that may be key regulating factors in regeneration. Previous studies have indicated that some WRKY genes induce callus of papaya and Panax ginseng (Jamaluddin et al., 2017; Yang et al., 2020). Moreover, WRKY genes may upregulate callus formation in bread wheat (Chu et al., 2017). In our study, WRKY TFs were up-regulated between HNUCB226_S3 vs HNUCB226_S2, but there was no significant expression in C. chinense. These results revealed that WRKY TFs play an important role in the process of regeneration.

Furthermore, several callus-related genes, including GRF, GDSL, TSJT1, and CCCH, have been identified as being associated with dedifferentiation (Zhang et al., 2022). Our results indicated that these hub genes were highly expressed in HNUCB81 and HNUCB226, but without fluctuation in C. chinense. In addition, it is reported that the ABC transport family mediates the transport of auxin in roots to promote basipetal transport (Ko et al., 2014). Interestingly, we identified a hub gene for ABCB7 in the lightcyan module, suggesting its essential role in initial callus induction.




Conclusion

A comprehensive understanding of the genes associated with pepper callus development will help to understand the process of pepper regeneration. In the present study, we successfully established an efficient in vitro regeneration system in two cultivars to monitor callus induction in differential genotypes. In addition, we performed histology and transcriptome analysis of the pepper regeneration and demonstrated a high correlation between somatic callus induction and plant hormone pathway and starch and sucrose metabolism pathways. This study provides novel information for the induction of regeneration and will have great potential for transgenic plants or molecular-assisted breeding of pepper.



Materials and methods


Plant materials and construction of regeneration

We kept Capsicum baccatum (HNUCB81 and HNUCB226) and Capsicum chinense (HNUCC22 and HNUCC16) on bud induction media (B1-B12), which was supplemented with 4.44 - 22.2µM (6-BA) and 0.57 - 2.85µM IAA (Supplementary Table S1). We also kept on the plant elongation media (E1-E12), which was supplemented with 13.32 – 22.2µM (6-BA) + 2.85-5.71µM IAA + 0 – 11.55µM GA3 (Supplementary Table S2), rooting media (R1-R6) supplemented with 0.57 - 2.85µM IAA or 0.54 - 2.69µM NAA mg · L−1 (Supplementary Table S3). MS media including 6 g/L agar and 30g/L sucrose (Hopebio, Qingdao) and phytohormone (Sigma, St. Louis, MO, USA). Each treatment contained at least 30 explants derived from petiole of cotyledons of sterile seedling aged 15-20 days (0.5-1cm in length). All media were adjusted to pH 5.8 and then autoclaved at 116°C for 30 minutes. The explants were inoculated on B media for 15-20 d to get the plantlets, and after elongation incubated in E media to proliferate buds, and was transplanted to R media to induct roots. All of the explants were cultured in MS media at 24 ± 2°C with 16 h light/d for differentiation at Hainan University. All experiments were repeated three times. The measurement of data was calculated with the equation: percentage of callus induction: Callus induction (%) = No. of Callus/No. of explants ×100%; Plantlets induction (%) = No. of plantlets/No. of Callus ×100%; Rooting induction (%) = No. of rooting plants/No. of plantlets ×100%. Statistical analysis was done using IBM SPSS (v26). The significance of the difference between the mean values was tested using Duncan’s multiple range test (P ≤ 0.05). The results are indicated as mean ± standard error of three duplications.



Histological analysis

Based on the regeneration results, we collected early differentiated callus supplemented with 13.32µM 6-BA+ 2.85µM IAA at three different stages, including S1 (1-3d), S2 (4-6d), and S3 (7-9d). The callus tissues were collected in a 50% FAA solution. After fixation, the slices were dehydrated successively with xylene and ethanol. After that, the slices were dyed in Safranin O-Fast Green staining solution. Moreover, slices were placed in clean xylene and stuck tissue slices with neutral balm (Servicebio, Wuhan). Finally, the slices were observed and photographed under the microscope (Nikon Eclipse E100 and Nikon DS-U3). Triplicate biological replicates for each sample.



Sequencing and mapping analysis

We selected explants with normal development (No contamination and browning) for mixed sampling at three early development stages, including S1 (1-3d), S2 (4-6d), and S3 (7-9d). Total RNA was isolated with Trizol Reagents (Thermo Fisher Scientific, Shanghai, China). Thirty-six non-directional libraries were produced using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States) and were sequenced on the Illumina Novaseq platform. Clean reads were obtained by filtering low-quality reads and aligned to the C. chinense reference genome (https://www.ncbi.nlm.nih.gov/genome/?term=Capsicum+chinense) using HISAT2 (v.2.0.5) (Kim et al., 2015).



Differential gene expression statistics

The fragments per kilo-base of exon per million fragments mapped (FPKM) was to estimate the transcript expression level of all samples, which was calculated by StringTie (v1.3.3b) (Pertea et al., 2016). Significantly differential expression genes (DEGs) were identified by DESeq2 R package (v1.20.0) (Love et al., 2014) with a threshold included |log2 (Foldchange)| > 1 and p-adjust < 0.05. The Venn diagram of the DEGs was created using Jvenn (Bardou et al., 2014), and the heat map was plotted using the R package of pheatmap.



Annotation and functional classification

Differential expression genes enrichment analysis of Gene Ontology (GO) was applied by GOseq (v1.22) software (Young et al., 2010). The setting parameter is that the p- adjust < 0.05. Various metabolic pathways were identified based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The enrichment analysis of DEGs was calculated by KOBAS 2.0 software (Mao et al., 2005). p-adjust < 0.05 was distributed to be significantly enriched in KEGG.



WGCNA gene coexpression network

WGCNA is applied to analyze gene expression patterns in different samples to obtain gene modules with similar expression patterns (Langfelder and Horvath, 2008). In this WGCNA network, the soft power was selected at 10 (R2 = 0.8), mergeCutHeight was set as > 0.75, and minModuleSize was set as > 30. WGCNA network was constructed by WGCNA in the R package and the genes from each module were visualized using Cytoscape (v3.8.0).



Quantitative real-time PCR validation

Total RNA was subjected to reverse transcription using Hiscript III RT SuperMix for qPCR (Vazyme Biotech, China), and qPCR was analyzed using SYBR qPCR Master Mix (Vazyme Biotech, China). The amplification program was based on the standard protocol of the Applied Biosystems QuantStudio 1 Real-Time PCR Instrument (Thermo Fisher Scientific, USA), as follows 95°C for 10 min, 40 cycles of 95°C for 15s, and 60°C for 10s, and thermal denaturation step is then performed to generate a melting curve to verify the amplification specificity. The primers were designed by primer 5 (v5.0) that were listed in Supplementary Table S9.
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Kinnow (Citrus nobilis Lour. × Citrus deliciosa Ten.) needs to be genetically improved for traits such as seedlessness using biotechnological tools. Indirect somatic embryogenesis (ISE) protocols have been reported for citrus improvement. However, its use is restricted due to frequent occurrences of somaclonal variation and low recovery of plantlets. Direct somatic embryogenesis (DSE) using nucellus culture has played a significant role in apomictic fruit crops. However, its application in citrus is limited due to the injury caused to tissues during isolation. Optimization of the explant developmental stage, explant preparation method, and modification in the in vitro culture techniques can play a vital role in overcoming the limitation. The present investigation deals with a modified in ovulo nucellus culture technique after the concurrent exclusion of preexisting embryos. The ovule developmental events were examined in immature fruits at different stages of fruit growth (stages I–VII). The ovules of stage III fruits (>21–25 mm in diameter) were found appropriate for in ovulo nucellus culture. Optimized ovule size induced somatic embryos at the micropylar cut end on induction medium containing Driver and Kuniyuki Walnut (DKW) basal medium with kinetin (KIN) 5.0 mg L-1 and malt extract (ME) 1,000 mg L-1. Simultaneously, the same medium supported the maturation of somatic embryos. The matured embryos from the above medium gave robust germination with bipolar conversion on Murashige and Tucker (MT) medium + gibberellic acid (GA3) 2.0 mg L-1 + ά-naphthaleneacetic acid (NAA) 0.5 mg L-1 + spermidine 100 mg L-1 + coconut water (CW) 10% (v/v). The bipolar germinated seedlings established well upon preconditioning in a plant bio regulator (PBR)-free liquid medium under the light. Consequently, a cent percent survival of emblings was achieved on a potting medium containing cocopeat:vermiculite:perlite (2:1:1). Histological studies confirmed the single nucellus cell origin of somatic embryos by undergoing normal developmental events. Eight polymorphic Inter Simple Sequence Repeats (ISSR) markers confirmed the genetic stability of acclimatized emblings. Since the protocol can induce rapid single-cell origin of genetically stable in vitro regenerants in high frequency, it has potential for the induction of solid mutants, besides crop improvement, mass multiplication, gene editing, and virus elimination in Kinnow mandarin.




Keywords: DKW, fruit developmental stages, ISSR clonal fidelity, Kinnow, ovule developmental events, ovule histology, somatic embryogenesis





Introduction

Citrus is rated as a high-value fruit crop known for its refreshing juice, vitamin C content, secondary metabolites, and high antioxidant properties. So immense are the nutritional values that it was recommended as an immunity booster during the pandemic (WHO, 2021). These desirable attributes signify the glory of this fruit in world commerce by an export quantum of 1.7 million tonnes of fruits per annum. Globally, citrus is grown in an area of 10.07 million hectares (ha) with a production of 143.75 million tonnes. Although sweet orange dominates more than 50% of global citrus production, mandarin and its groups dominate India’s citrus industry by accounting for more than 43% of production (FAO, 2021). Among mandarins, Kinnow, an interspecific hybrid introduced from California, USA, made a breakthrough in the citrus industry of India and has established itself as the most preferred fresh fruit among consumers. There is a great demand for Kinnow fruits for processing into juice. However, it could not get a boost due to its high seediness leading to delayed bitterness (Mallick et al., 2016; Kumar et al., 2021). The development of low-seeded scion varieties is a major target for citrus breeders worldwide, which, however, is difficult to achieve through conventional breeding.

Modern breeding approaches such as in vitro mutagenesis have opened new vistas for achieving the traits of interest over ex vitro mutagenesis (Penna et al., 2012). In this direction, solid mutant induction can be considered a powerful speed breeding tool in perennial fruit crops. The totipotency of single cells can be utilized to induce solid mutants through in vitro techniques. Since indirect somatic embryogenesis (ISE) and direct somatic embryogenesis (DSE) play an essential role in single-cell regeneration, these techniques have immense value in citrus species (Omar et al., 2016). Standard ISE protocols in citrus using female reproductive organs such as stigma, style, ovary, and ovule are available (Gmitter and Moore, 1986; Cardoso et al., 2012; Omar et al., 2016). Earlier workers have suggested ISE from undeveloped ovules as the most effective protocol for citrus improvement (Grosser et al., 2000; Dutt et al., 2010; Ge et al., 2015; Omar et al., 2016). Contrary to the recommendations given by earlier workers, few researchers have also reported the frequent occurrence of somaclonal variations from ISE. Culture-induced somaclonal variation is undesirable when efforts are underway to produce genetically identical regenerants (Hao and Deng, 2002; Grosser et al., 2007; Dutt and Grosser, 2010; Meziane et al., 2017). Similarly, the ISE system, although has been reported to induce high-frequency somatic embryogenesis, ex vitro characterization of obtained plantlets is difficult due to the low recovery of hardened plantlets (Grosser and Gmitter, 1990; Fleming et al., 2000). Recent studies emphasize the importance of DSE for overcoming the somaclonal variation as well as rapid mass multiplication and high plantlet recovery in different fruit crops such as banana, citrus, date palm, mango, and passion fruit (Kochba et al., 1972; Navarro and Juarez, 1977; Panis et al., 1993; Wu et al., 2007; Silva et al., 2021).

The DSE technique holds promise particularly in polyembryonic fruit crops. In some citrus species, the sporophytic mixed apomixis type of polyembryony has been reported and contains both zygotic and nucellar embryos within the same seed (Bewley et al., 2012). Polyembryony in citrus is referred to as nucellar embryony because of its nucellus origin (Kepiro and Roose, 2007). For achieving in vitro DSE, nucellus tissue can be utilized by taking advantage of predetermined embryogenic and primordial cells in nucellar embryonic varieties. It leads to embryo development from a single cell to fulfill the need of its usage in solid mutant induction (Bitters et al., 1972; Kochba et al., 1972; Esen and Soost, 1977; Navarro and Juarez, 1977; Kobayashi et al., 1979). From a mutagenesis perspective, removing the embryos before explant inoculation is a prerequisite to avoiding zygotic variation and chimera formation. Migration of embryos toward the micropylar end after pollination is the characteristic feature of nucellar embryony, and the duration of its complete migration varies among citrus species (Wakana and Uemoto, 1987). Therefore, histological identification of explant developmental stages with probable complete migration of embryos toward the micropylar end must be standardized to confirm the absence of embryos from explants before inoculation.

Mandarins are parents for many citrus species of polyembryonic origin. It is well-established that mandarin varieties are recalcitrant and give poor in vitro regeneration response (Gmitter and Moore, 1986; Tomaz et al., 2001; Ricci et al., 2002; Germana, 2003; Benelli et al., 2010). The wild and primitive nature may be the reason for a few of its varieties to respond poorly under in vitro culture conditions. Furthermore, the interspecific hybridity of Kinnow (Citrus nobilis × Citrus deliciosa) makes embryogenesis complex (author’s unpublished data). Although nucellus cultures can induce DSE in citrus, the injury caused during tissue excision gives a lower success (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez, 1977). Since the technique has an immense advantage for obtaining high recovery of solid mutants, the present study is an attempt toward modification of protocol through in ovulo nucellus culture for getting genetically stable regenerants with high plantlet recovery from nucellus tissue in Kinnow mandarin. The study also includes histological examination and analysis of clonal fidelity employing the ISSR marker system for seeking histological and molecular evidence for the proposed protocol’s robustness.





Materials and methods




Plant material

The mother plants of Kinnow mandarin maintained at a spacing of 6 m × 6 m in the Experimental Orchard of Division of Fruits and Horticultural Technology, ICAR-IARI, New Delhi, India (latitude 28°38ʹ23ʺN, longitude 77°09ʹ27ʺE) were used as a source for fruit collection. The plants were maintained following the recommended cultural practices. During the first year of experimentation (2019), the fruit size and the corresponding developmental events in the ovule were examined for explant excision. The aim was to identify the ideal ontogenic stage of developing fruits to get an appropriate ovule explant for high-frequency embryogenesis from nucellus tissue. The experiment was repeated in the 2020 season for conformity, and standardization of the somatic embryogenesis protocol was taken up.





Standardization of optimum fruit size for explant collection

Immature cross-pollinated fruits of Kinnow mandarin were collected between 30 and 150 days having fruit diameters between 5 and 45 mm. Uniform-sized fruits were collected at staggered intervals from different canopy directions and shifted to the laboratory in an ice box. Fruits from each collective interval were sorted for uniformity following measurement with Vernier calipers (Mitutoyo digital caliper, China). The fruits were then rinsed in running tap water and kept on a blotting paper to remove excess surface moisture. Surface sterilized fruits were cut into two halves, and well-developed bold ovules were collected carefully. The ovules were then dissected under a Zeiss SteREO Discovery V8 stereo zoom digital microscope (Goettingen, Germany) to observe and measure developmental events as outlined by Bitters et al. (1972). The same procedure was repeated until fruits attained 45-mm diameter and were grouped into seven stages based on ovule internal developmental events with corresponding fruit size. Finally, the optimum fruit size was determined based on the ovule length, embryo coverage, and presence of a liquid endosperm surrounded by a prominent nucellus. The experiment was repeated thrice with 25 random samples per replication.





Explant preparation

Stage III fruits were surface sterilized with 0.5% Bavistin® (carbendazim) and 0.5% Ridomil® (mancozeb + metalaxyl) for explant preparation. One hour after fungicide treatment, the fruits were taken into the laminar air-flow chamber and rinsed twice with sterile double-distilled water, immersed in ethanol, and flame sterilized for a few seconds. Following these procedures, fruits were cut open with sterile forceps and scalpels. The ovules were then collected in a sterile Petri dish exercising all care to avoid damage incurred to the ovules. Based on stereomicroscopic observations, the micropylar end containing zygotic and nucellar embryos was removed using a sterile razor blade with a fine cut. The prepared ovule explants were immediately inoculated by placing the chalazal end on the induction cum maturation (ICM) medium to avoid desiccation.





Somatic embryo induction and maturation

For induction and maturation of somatic embryos from Kinnow in ovulo nucellus explant, different basal media, i.e., Murashige and Tucker (MT) (Murashige, 1969), Driver and Kuniyuki Walnut (DKW) (Driver and Kuniyuki, 1984), and Gamborg B5 medium (B5) (Gamborg et al., 1968), supplemented with plant bio regulators (PBRs) (auxins and cytokinins) in combination with organic additives such as malt extract (ME) and coconut water (CW) were tried. The treatment combinations for ICM are EM1 (embryogenic medium): Control, EM2: ME 500 mg L-1, EM3: kinetin 5.0 mg L-1 + ME 500 mg L-1, EM4: kinetin 5.0 mg L-1 + ME 1,000 mg L-1, EM5: 2,4-dichlorophenoxyacetic acid (2,4-D) 1.0 mg L-1 + CW 10% (v/v), and EM6: 2,4-D 2.0 mg L-1 + CW 10% (v/v). Stereomicroscopic observations were made at monthly intervals to record percent somatic embryogenic response, days to embryogenesis, whereas the number of somatic embryos per explant was counted 4 months after initiation. Subculturing was carried out at an interval of 2 months on the same medium composition for proliferation and maturation. Cultures were maintained under dark with 25°C ± 2°C temperature and 70%–80% Relative humidity (RH). The experiment was replicated thrice with 25 samples in each replication.





Somatic embryo germination and conversion

Cotyledonary somatic embryos (>4 mm in length) of SE1 (somatic embryos): MT × EM4, SE2: DKW × EM4, and SE3: B5 × EM4 were transferred to germination cum conversion (GCC) medium to compare the effect of ICM medium composition on germination and conversion. The details of GCC treatments include GM1 (germination medium): Basal MT, GM2: MT + ME 500 mg L-1, GM3: MT + GA3 2.0 mg L-1 + ά-naphthaleneacetic acid (NAA) 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v), GM4: DKW + GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v), GM5: DKW + kinetin 5.0 mg L-1 + ME 1,000 mg L-1, and GM6: B5 + 6-benzylaminopurine (BAP) 2.0 mg L-1 + NAA 0.2 mg L-1 + GA3 0.5 mg L-1 + abscisic acid (ABA) 0.2 mg L-1 + activated charcoal (AC) 200 mg L-1 + CW 10% (v/v). The experiment was repeated thrice, and data were recorded on percent germination, days to germination, and percentage of bipolar seedling conversion. Cultures of each replication containing 25 samples were maintained under aseptic culture conditions at 25°C ± 2°C temperature and 70%–80% RH under dark until germination.





Plantlet establishment and acclimatization

Plantlet establishment frequency was tested by transferring germinated bipolar seedlings of >4 cm long from highly responsive GCC media interactions (SE1 × GM1, SE1 × GM3, SE1 × GM4, SE2 × GM1, SE2 × GM3, SE2 × GM4, SE3 × GM1, SE3 × GM3, SE3 × GM4) to PBR-free solid and liquid MT media under light [photoperiod of 16/8 light/dark cycle (26.81 µmol m-2 s-1)]. To support plantlets on a liquid medium, a sterile Whatman® filter paper bridge was used. For primary hardening, established 4–5-leaf stage emblings of GCC9 from both solid and liquid media were removed, washed thrice with sterile double-distilled water, followed by its immersion in 0.1% Bavistin solution for 5 min and then transferred to different potting media in 250-ml culture bottles [P1, cocopeat:vermiculite:perlite (2:1:1); P2, cocopeat:vermiculite (2:1); and P3, cocopeat:perlite (2:1)]. The data on percent survival and shoot and root length were recorded on the 60th day, while the emergence of new leaves was recorded at a periodic interval. During acclimatization, a half-strength liquid medium without sucrose was sprayed on the emblings. When shoot growth reached the bottle top, the culture bottle caps were loosened gradually to expose the emblings to an ambient environment. The observations were recorded from 10 samples per replication in the above experiments.





Media preparation

After adding the required media components, 50 g L-1 sucrose and 7 g L-1 agar were added, pH was adjusted between 5.7 and 5.8 with 1N HCl and KOH, then autoclaved at 121°C (15 psi) for 20 min. Plant growth regulators and CW were added to autoclaved media at a lukewarm temperature, and ME was added before autoclaving. Potting media were sterilized for 1 h at 121°C (15 psi). The ready-to-use plant tissue culture-grade MT medium, DKW medium, and B5 were procured from Himedia®, Maharashtra, India. Similarly, inorganic salts, organic ingredients, sucrose, agar, and AC used for culture media were also purchased from Himedia®. Whereas growth regulators of cell culture tested grade were used from Sigma Chemicals Co., USA, and Central Drug House (P) Ltd., New Delhi, India.





Histological analysis

For histological observation, 15 ovule samples (five ovules/replicate) at the time of explant collection and post in vitro inoculation were fixed overnight in FAA [5:5:90 formalin (37%–40%), glacial acetic acid, and ethyl alcohol (50% v/v)] (Yeung and Saxena, 2005). The fixed tissue samples were dehydrated in ethanol series varying from 40% to 100% and were then cleared in ethanol:xylene (3:1, 1:1, and 1:3) for 30 min each and left overnight. Dehydration with 100% ethanol and tissue clearing in the ratio of 1:3 were repeated thrice and twice, respectively. After impregnation, i.e., by a gradual increase of wax concentration in samples and its subsequent transfer in absolute molten wax (four times), samples were embedded in paraffin wax. Following embedding, 12-µm sections were prepared using a hand-operated rotatory microtome (MAC) and stained with safranin and fast green for 2 min between each ethanol series following the procedure suggested by Moreno-Sanz et al. (2020) with minor modifications. The sections were observed under Zeiss Axio Imager M2m and photographed using a 5-megapixel high-resolution camera (Axio Vision).





Fidelity test

DNeasy® Plant Mini Kit (Qiagen) was used for genomic DNA isolation from leaf samples of randomly selected five in vitro primary hardened Kinnow regenerants along with in vivo grown mother plant. Qualitative and quantitative analyses of isolated DNA were carried out using gel electrophoresis. As Pal et al. (2013) outlined, 10 ISSR primers were used for initial screening based on the optimized protocol by Murugan et al. (2022). The PCR reaction mixture of 25 µl consisting of 10× buffer (2.5 µl), 10 mM dNTPs (2.0 µl), 5 U/µl Taq DNA polymerase (0.3 µl), 1 U primer (1.0 µl), (30 ng µl-1) DNA of 1.5 µl, and deionized water (17.7 µl) was prepared. PCR reactions of 35 cycles with an initial denaturation at 95°C (5 min), annealing at 50°C (30 s), primer extension at 72°C (2 min), and final extension at 72°C (10 min) were carried out using a thermal cycler (Eppendorf Master Cycler, Hamburg, Germany). Electrophoresis was done in 2.0% agarose gel stained with ethidium bromide (EtBr) using 1× Tris-acetate-EDTA (TAE) buffer (pH 8.0) at 120 V for 3 h to resolve PCR amplification products. For visualization, scanning, and photography of gel, gel documentation (Bio-Rad Gel Doc XR+) was used. Reproducible bands were scored regardless of their intensities, and those with the same migration were considered monomorphic. The experiment was repeated thrice for reproducibility.





Statistical analysis

The in vitro experiments were analyzed using one-way ANOVA with two factors to test the significance of mean differences in completely randomized design (CRD). Each experiment was replicated thrice, and a different number of samples was observed in each replication, as mentioned in the subsections above. Analysis was performed using RStudio, Version 4.2.0 (RStudio Inc., Boston, MA, USA). The percentage data were transmuted to arcsine before ANOVA. Duncan’s multiple range test (DMRT) was used to compare the treatment means at P < 0.05 significance level.






Results




Identification and classification of ovule developmental stages

Stereomicroscopic observations during the post-anthesis fruit developmental stages (5–45 mm in diameter) revealed interesting results. Based on the developmental events of ovule corresponding to fruit diameter, the following classifications were made, viz., stage I (5–14 mm), stage II (>14–21 mm), stage III (>21–25 mm), stage IV (>25–28 mm), stage V (>28–34 mm), stage VI (>34–38 mm), and stage VII (>38 mm) (Figures 1A, B). Fruits measuring 5–14 mm in diameter had an ovule size of <2 mm (stage I) (Figures 1, 2A). In the subsequent fruit development stages, >14–21-mm-diameter fruits [50–70 days after anthesis (DAA)] showed faster ovule growth and measured approximately 2–3 mm (stage II). At this stage, the ovule had an intact nucellus and the presence of a liquid endosperm. However, the embryos were not visible (Figures 1, 2B). When the fruits attained a size of >21–25 mm in diameter (75–110 DAA), ovules grew to a size of more than 4 mm (stage III). Compared to the initial two stages, where dissection and handling were difficult, it was much easier to handle and dissect the stage III samples. The ovule color at stage III was pale white, containing a liquid endosperm, intact nucellus, and nucellus covering the entire embryo sac. Multiple globular to heart-shaped embryos could be seen crowded at the micropylar end of the embryo sac, while no visible embryo differentiation was witnessed in nucellus tissue (Figures 1, 2C). The stage IV fruits measuring >25–28 mm in diameter (110–120 DAA) contained ovules (<5 mm) with a semisolid endosperm. The nucellus at this stage started depleting from the micropylar end, and a few embryos were converted to torpedo and cotyledonary stages. In contrast, at the chalazal end, the pink color appeared (Figures 1, 2D). At stage V, when the fruits were >28–34 mm in diameter, the ovules grew to a length of 5–5.5 mm and the embryo occupied nearly half of the embryo sac, while the nucellus was visible at the chalazal half (120–130 DAA) (Figures 1, 2E). More than 35-mm fruits of stage VI had embryo growth extended to ¾ the size of ovules (6–7 mm) (Figures 1, 2F), and the nucellus was visible at the chalazal end (135 DAA). Stage VII fruits beyond 39 mm (140 DAA) showed ovules of >8 mm, where the embryo covered the maximum portion of the embryo sac by depleting the endosperm (Figures 1, 2G).




Figure 1 | Fruit diameter and corresponding ovule developmental events in Kinnow mandarin. (A) Ovule length (mm), (B) embryo coverage: * represents the presence of a liquid endosperm. Stage I (5–14 mm), stage II (>14–21 mm), stage III (>21–25 mm), stage IV (>25–28 mm), stage V (>28–34 mm), stage VI (>34–38 mm), and stage VII (>38 mm) immature fruit diameter. Small letters denote the statistical difference; the same letters represent non-significant differences in the mean values.






Figure 2 | Fertilized ovule developmental stages of corresponding fruit size in Kinnow mandarin. (A) Ovule of 5-mm-diameter fruit, (B) ovule of 19-mm-diameter fruit, (C) ovule of 24-mm-diameter fruit, (D) ovule of 26.8-mm-diameter fruit, (E) ovule of 33-mm-diameter fruit, (F) ovule of 36-mm-diameter fruit, (G) ovule of 40-mm-diameter fruit. Scale bar represents 500 µm, *represents embryo. CE, chalazal end; EN, endosperm; I, integuments; LE, liquid endosperm; ME, micropylar end; NU, nucellus tissue.



The complete depletion of the nucellus occurred nearly 150 DAA. Hence, this particular experiment was conducted for up to 150 days. Initial immature fruit developmental stages revealed three nonsequential orders in fruit growth and ovule growth. Firstly, ovule size was nearly similar, but fruit growth was faster, followed by vice versa in the second order, and then in the third round, both ovule and fruit had faster growth. It was evident from the above result that fruits of 5–21 mm in diameter have ovules of <3 mm (up to 70 DAA) in size, whereas 21–25-mm fruits have ovule lengths of >4 mm (after another 35 days) followed by visible changes observed in the ovule and fruit growth at a faster rate in upcoming growth stages (40 days). However, internal ovule developmental events followed a sequential order. This sequential event coincided with ovule length and embryo coverage in fertilized developed ovules. Hence, based on the ovule developmental events, i.e., ovule length, embryo coverage, and endosperm nature, the classification was made to group the fruits according to size. Consequently, the fruit size can become a valuable marker for Kinnow researchers to collect the optimized fruit size for the desired ovule explant. Stages II and III had a liquid endosperm and an intact nucellus. The difference between these two stages or the shift from stage II to stage III can be confirmed with the visibility of pale green embryos to the naked eye at the micropylar end of ovules at stage III. In addition, >4-mm ovules facilitate easy handling than 2–3-mm ovules. Likewise, the completion of stage III was noticed by a change in liquid to semisolid endosperm and pink coloration at the chalazal end. After completion of stage III, fertilized and unfertilized ovules can be differentiated with uneven flatness in the ovule. Stage III fruits were found to be most suitable for explant excision (optimized size), as it could fulfill the desired ovule length, liquid endosperm, and prominent nucellus requirements.





Somatic embryo initiation and maturation

Kinnow mandarin ovule explants obtained from the optimized fruit size (>21–25 mm) induced direct somatic embryos at the micropylar cut end, while pale white to yellowish non-embryogenic compact callus initiated on the outer integument of explants (Figures 3A–E). The ICM media containing three levels of basal media and six levels of PBR treatments were tested for DSE as given in the Materials and Methods. Significant differences were observed for basal media (P < 0.001), PBR treatments (P < 0.001), and their interaction (P < 0.01) (Figure 4). Among the basal media, a higher somatic embryogenic response (12.90%) was observed on the DKW medium. Similarly, among the PBR treatments, it was significantly higher (30.64%) on EM4 containing cytokinin and organic additive in the form of kinetin and ME. The PBR treatments EM1 and EM2, devoid of cytokinin, failed to induce somatic embryos, but it was witnessed in the treatments EM5 and EM6 supplemented with CW. DKW and EM4 interaction effect revealed significantly higher (35.67%) somatic embryogenesis response compared to the other combinations on cultured in ovulo nucellus explants of Kinnow mandarin.




Figure 3 | Direct somatic embryogenesis from ovule explant of Kinnow mandarin. (A) Stage III ovule explant, (B) ovule devoid of embryos, (C–E) somatic embryo initiation from the micropylar cut end, (F) proliferation of secondary embryos after subculture, (G) initiation of germination, (H) bipolar conversion, (I) primary plantlet establishment in liquid medium, (J) primary hardening. Scale bar: (A–D) = 1 mm, (E) = 3 mm, (F–I) = 1 cm. BC, bipolar conversion of the somatic embryo; CE, cotyledonary embryo; GE, globular embryo; MCE, micropylar cut end of explant; NEC, non-embryogenic callus.






Figure 4 | Effect of media and growth regulator combinations on somatic embryogenesis frequency in Kinnow mandarin. MT, Murashige and Tucker medium,  Murashige (1969); DKW, Driver and Kuniyuki Walnut medium, Driver and Kuniyuki (1984); B5, Gamborg B5 medium Gamborg et al. (1968); EM1, Control; EM2, ME 500 mg L-1; EM3, kinetin 5.0 mg L-1 + ME 500 mg L-1; EM4, kinetin 5.0 mg L-1 + ME 1,000 mg L-1; EM5, 2,4-D 1.0 mg L-1 + CW 10% (v/v); EM6, 2,4-D 2.0 mg L-1 + CW 10% (v/v); ME, malt extract; CW, coconut water; ICC, induction cum maturation. Small letters denote the statistical difference; the same letters represent non-significant differences in the mean values.



Media played an important role in inducing early somatic embryogenesis. As compared to other media tested, the earliest somatic embryogenesis (54.39 days) was recorded on the DKW medium (P < 0.001). Although PBR treatments EM3 and EM4 induced early somatic embryogenesis by maintaining statistical parity (P > 0.05) of 59.70 and 59.45 days, respectively, the overall effect of days to embryo initiation was highly significant among the PBR treatments (P < 0.001). Almost 2-fold more time was taken for somatic embryogenesis in the treatments EM5 and EM6 (Table 1). The interaction effect of basal media and PBR treatments, although revealed significant differences (P < 0.001), the combinations DKW × EM3 (56.59 days), MT × EM4 (56.68 days), and DKW × EM4 (56.21 days) recorded early somatic embryogenesis without any statistical variation.


Table 1 | Effect of media and growth regulator combinations on somatic embryogenesis efficiency in Kinnow mandarin.



Observations on the number of embryos per explant 4 months after embryo initiation were significantly higher (46.93) on the DKW medium (P < 0.001). Similarly, among the PBR combinations, EM4 yielded a significantly (P < 0.001) higher number of embryos (68.80). The interaction effect of the DKW × EM4 combination induced a significantly (P > 0.001) higher number of somatic embryos (110.81) per explant (Table 1) than other combinations (Figures 3C–F).





Somatic embryo germination and bipolar conversion

Somatic embryo germination was examined by transferring three sets of somatic embryos from the ICM medium (SE1, SE2, and SE3) onto six treatments (GM1–GM6) of GCC medium. Significantly (P < 0.0001) higher somatic embryo germination (50.89%) was noticed in SE2 embryos. In contrast, to control, a similar significant trend (P < 0.001) was also obtained on GM3 treatment, which had a higher embryo germination of 73.78%. Furthermore, the interaction effect of SE2 × GM3 had the highest germination frequency (86.67%) and was significantly superior to the rest of the other interactions (P < 0.001) (Figure 5A).




Figure 5 | Effect of media and growth regulator composition on somatic embryo germination in Kinnow mandarin. (A) % germination, (B) days to germination, and (C) % bipolar conversion. Somatic embryos SE1 (MT × EM4), SE2 (DKW × EM4), and SE3 (B5 × EM4); GA3, gibberellic acid; NAA, ά-naphthaleneacetic acid; BAP, 6-benzylaminopurine; ABA, abscisic acid; AC, activated charcoal; GM1, Basal MT; GM2, MT + ME 500 mg L-1; GM3, MT + GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v); GM4, DKW + GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v); GM5, DKW + kinetin 5.0 mg L-1 + ME 1,000 mg L-1; GM6, B5 + BAP 2.0 mg L-1 + NAA 0.2 mg L-1 + GA3 0.5 mg L-1 + ABA 0.2 mg L-1 + AC 200 + CW 10% (v/v). MT, Murashige and Tucker medium; DKW, Driver and Kuniyuki Walnut medium; B5, Gamborg B5 medium; EM1, Control; EM2, ME 500 mg L-1; EM3, kinetin 5.0 mg L-1 + ME 500 mg L-1; EM4, kinetin 5.0 mg L-1+ ME 1,000 mg L-1; EM5, 2,4-D 1.0 mg L-1 + CW 10% (v/v); EM6, 2,4-D 2.0 mg L-1 + CW 10% (v/v); ME, malt extract; CW, coconut water. Small letters denote the statistical difference; the same letters represent non-significant differences in the mean values.



Early germination was observed (27.37 days) on SE2 embryos and GM3 (14.01 days) treatment (P < 0.001). The duration of embryo germination was significantly (P < 0.001) influenced by the interaction between ICM medium embryos and GCC medium treatments. However, statistical similarity (P > 0.05) was observed for early germination in the interaction effect of all three sets of embryos on GM3 and GM4 treatments. The germination duration ranged between 13.64 and 15.69 days for the above interactions (Figure 5B).

In the present study, significantly (P < 0.001) higher bipolar conversion ensued in GM3 treatment (73.39%) of GCC medium and has statistical parity with GM1 and GM4 (Figure 5C). However, ICM medium embryos and interaction between ICM medium embryos and GCC medium treatments displayed statistical parity in bipolar conversion efficiency (Figures 3G, H).





Primary plantlet establishment and acclimatization of emblings

Significant impact was observed in plantlet establishment when bipolar seedlings transferred from GCC media onto PBR-free establishment media. Among the bipolar converted seedlings, the highest plantlet establishment frequency was witnessed on SE2 × GM3 seedlings (78.68%); however, it was statistically on par with few other combinations tested. Among the PBR-free media, it was significantly higher (P < 0.01) in the liquid medium (79.26%) in comparison to the solid medium. The liquid medium also induced new leaf within a week with a delayed leaf emergence on the solid medium. The interaction effect of the above two, i.e., seedlings of GCC combinations and establishment medium, showed nonsignificance establishment frequency, and the emblings were ready for primary hardening within 45 days (Figures 3I, 6).




Figure 6 | Effect of germination treatments on plantlet establishment frequency in liquid and solid MT medium in Kinnow mandarin.  Somatic embryos SE1 (MT × EM4), SE2 (DKW × EM4), and SE3 (B5 × EM4); GM1, Basal MT; GM3, MT + GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v); GM4, DKW + GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% (v/v). MT, Murashige and Tucker medium; DKW, Driver and Kuniyuki Walnut medium; B5, Gamborg B5 medium; EM4, kinetin 5.0 mg L-1 + ME 1,000 mg L-1; ME, malt extract; CW, coconut water; GA3, gibberellic acid; NAA, α-naphthaleneacetic acid. Small letters denote the statistical difference; the same letters represent non-significant differences in the mean values.



Emblings from the liquid medium acclimatized well compared to those from the solid medium. The mean survival percentage was significantly higher (P < 0.0001) in the emblings raised from the liquid medium (92.22%) as compared to the solid medium. In comparison, during hardening, significantly higher survival (78.33%) was recorded on the potting medium, P1. The interaction effect of liquid medium × P1 potting medium showed cent percent plantlet survival and was significantly superior (P < 0.001) compared to other combinations (Table 2). Similarly, leaf emergence was early in the emblings established on liquid medium (40.80 days) and was statistically superior (P < 0.001) compared to the observations recorded on leaf emergence in emblings of solid medium. With regard to the observation on leaf emergence in potting media, it was significantly earliest (36.39 days) in P1 potting medium (P < 0.001) followed by P2. However, the interaction effect of two factors, i.e., SE2 × GM3 emblings of PBR-free establishment media and potting media, revealed nonsignificant (P > 0.05) differences for days to new leaf emergence (Table 2). Observations on shoot length indicated better shoot growth with significantly (P < 0.001) longer shoots on liquid medium emblings (6.38 cm) and P1 potting medium (6.39 cm). The interaction effect between the liquid and P1 potting medium combination resulted in significantly (P < 0.001) longer shoots of 7.53 cm (Table 2) on the 60th day. Finally, observations on root length were measured maximum (P < 0.0001) in liquid medium (9.92 cm) and P1 potting medium (12.15 cm). The interaction effect of these two combinations also had significantly (P < 0.001) longer roots (16.08 cm) on the 60th day (Table 2; Figure 3J).


Table 2 | Effect of liquid and solid medium-established Kinnow mandarin plants on primary hardening in different potting media.







Histological analysis

Anatomical observations of longitudinal ovule sections revealed gradual depletion of nucellus tissue with corresponding embryo sac expansion and simultaneous swift embryo growth between stages II and III (Figures 7A, F). Observations on the existence of independent embryos within an embryo sac confirm the phenomenon of nucellar embryony in Kinnow mandarin. Globular embryos of almost similar size were observed in stage II at the micropylar end, while a few celled proglobular embryos were distributed at the micropylar half and chalazal end (Figures 7A–E). Dominant growth of embryo with vascular connection was observed along with almost similar size of other embryos at the micropylar end. In contrast, embryos could not be seen either at the micropylar half or the chalazal end of the nucellus or embryo sac at stage III (Figures 7F–J). Observations on inoculated ovules (complete removal of preexisting embryos at the time of inoculation) in the somatic embryo ICM medium (DKW × EM4) revealed exciting results (Figures 8A–I). A distinct actively dividing embryogenic cell with dense cytoplasm and a loose cellular arrangement was seen in the micropylar region at 1.5 months of culture onto ICM medium (Figures 8A, B). The presence of subsequent developmental stages, i.e., globular, heart, and cotyledonary embryos, was observed 2 months after inoculation (Figures 8C–I). At the same time, compact non-embryogenic callus growth was initiated from the outer integuments.




Figure 7 | Histological study on ovule developmental events in Kinnow mandarin. (A) Longitudinal section of stage II ovule from 15-mm fruits (arrow indicates the nucellar embryo), (B–E) magnified view of a different region of panel (A, B), micropylar end region; (C, D), middle region; (E), chalazal end region). (F) Longitudinal sections of stage III from 24-mm fruits, (G) micropylar region of stage III ovule with the zygotic embryo (arrow represents the connecting tissue), (H–J) magnified view of a different region of panel (F, G), micropylar region; (H), middle region; (I), chalazal region). CE, chalazal end; EN, endosperm; ES, embryo sac; II, inner integument; ME, micropylar end; NE, nucellar embryo; NU, nucellus tissue; OI, outer integument; ZE, zygotic embryo.






Figure 8 | Histological study on in vitro somatic embryo development from stage III ovules of Kinnow mandarin inoculated after removal of preexisting embryos. (A) Nucellus region of stage III ovule 1.5 months after ovule inoculation on induction medium. (B) Magnified view of panel (A) (arrow represents the actively dividing embryogenic cells). (C, D) Globular somatic embryos at the micropylar cut end 2 months after ovule inoculation on induction medium (arrow represents globular embryos). (E–I) Different developmental stages of somatic embryos at the micropylar cut end of inoculated ovules. CE, cotyledonary somatic embryo; GE, globular somatic embryo; HE, heart-shaped somatic embryos; II, inner integument; MCE, micropylar cut end; ME, micropylar end; NU, nucellus tissue; OI, outer integument.







Genetic fidelity assessment

Out of 10 ISSR markers screened, eight amplified the genomic DNA with reproducible multiple bands. The regenerated plants showed a monomorphic profile with the mother plant (Figure 9). Among the eight markers, UBC 855 produced the maximum of 14 reproducible monomorphic bands, followed by UBC 807 (12 bands), UBC 841 (11 bands), UBC 808 (10 bands), UBC 825 (10 bands), and UBC 827 (10 bands) (Table 3). The lower number of monomorphic amplification profiles was noticed from UBC 812 (five bands) and UBC 864 (six bands) ISSR markers.




Figure 9 | Agarose gel profile with ISSR markers UBC-807, UBC- 808, UBC- 855, and UBC-864. M, Mother plant; V1–V5, in vitro-regenerated plants; L, 1-Kb ladder. ISSR, Inter Simple sequence repeats; UBC, the University of British Columbia; bp, base pair.




Table 3 | Details of amplification products obtained from ISSR markers in assessing clonal fidelity in Kinnow mandarin plantlets.








Discussion

The possibility of DSE competence of the in ovulo nucellus culture in Kinnow mandarin was assessed in the present study to explore the regeneration potential of embryogenic cells present within the nucellus tissues. Several reports show that degeneration of the nucellus tissue coincides with the enlargement of the embryo sac; hence, the explant collection stage is important in citrus (Bitters et al., 1972; Koltunow et al., 1995; Xu et al., 2021). A weekly collection of fruits has been advocated in citrus for somatic embryogenesis (Bitters et al., 1972). However, since flowering and fruiting are region-specific and weather-dependent, identifying optimum-size fruits with a well-developed nucellus and liquid endosperm is a prerequisite for efficient in ovulo culture. The identification and classification of immature fruit growth stages in the present study revealed that for the stage II fruits (>14–21 mm in diameter), although provide a chance for true-to-type regeneration, complete removal of the preexisting embryos from the ovule is not feasible due to the scattered distribution of proglobular nucellar embryos. Attempts to remove the preexisting embryos at this stage may deviate from the objective of solid mutant induction because there are ample chances for chimera formation. Stage III fruits having a size between >21 and 25 mm had ovules with a well-developed intact nucellus and liquid endosperm; the proglobular embryos migrated completely to the micropylar end. It facilitated easy removal of the preexisting embryos and was convenient to handle in vitro. Earlier reports on nucellus culture in citrus species had also emphasized that at the time of explant collection, the ovule must have a liquid endosperm with an intact nucellus for better somatic embryogenesis (Bitters et al., 1972). There is a dearth of literature pertaining to the specific recommendation on fruit size in Kinnow mandarin for efficient ovule culture, which was accomplished in this study. Standardization of fruit size will enable researchers to directly collect the fruits at the recommended growth stage and use them for in vitro culture initiation.

Several factors, such as the developmental stages of the explant, culture medium, hormonal concentration, and combinations of other factors, influenced the DSE of cultured explants. In the present investigation, although preexisting embryos were eliminated entirely from the inoculated explants, somatic embryogenesis was witnessed possibly due to the stimulative effect of culture media composition. The findings correlate well with the histological observations and are in consonance with the results of the earlier workers in the nucellus culture of different citrus species (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez, 1977) as well as mango (Wu et al., 2007). Although the use of MT medium has been widely reported in citrus somatic embryogenesis (Carimi, 2005; Dutt et al., 2010), in the present study, DKW medium stimulated a higher degree of DSE and maintained continuous proliferation of somatic embryos than the MT medium. The rapid induction and maturation of somatic embryos on DKW medium in contrast to MT medium indicate enhanced physiological activity as a consequence of reduced amounts of ammonium and chloride and increased calcium and sulfate ions as reported in citrus (Tallon et al., 2012; Tallon et al., 2013; Navarro-Garcia et al., 2016). In our study, kinetin and its combination with ME induced somatic embryos. The requirement of high concentration of cytokinin and low concentration of auxin in the medium for the induction of somatic embryos in citrus has also been suggested by Dutt et al. (2010) and Agisimanto et al. (2016). The use of 2,4-D in the culture medium of citrus species has been reported to suppress embryogenesis by inducing non-embryogenic cells due to induced osmotic stress (Pan et al., 2010; Ge et al., 2012). However, in the present study, 2,4-D in combination with CW induced somatic embryo formation in low frequency. It clearly explains the need for high cytokinin and low auxin for induction of morphogenesis, i.e., somatic embryos on nucellus tissues via rapid cell division and differentiation. Histological examination of the ovules in our study confirms the polyembryony nature and induction of somatic embryos through direct embryogenesis from nucellus cells in Kinnow mandarin.

In vitro somatic embryogenesis and polyembryony (sporophytic apomixis) can be considered artificial and natural paths of clonal multiplication mechanisms, respectively. In polyembryonic citrus species, nucellar embryony resembles somatic embryogenesis, and it is regulated by complex molecular mechanisms such as upregulation of specific genes, transposable element insertion, and gene regulation (Xu et al., 2021). Exogenous hormonal supplementation is among the other factors responsible for the expression of the above molecular signals (Mendez-Hernandez et al., 2019). Waki et al. (2011), in 2011, for the first time, demonstrated the role of the RKD gene in regulating the early developmental stages of embryogenesis in Arabidopsis. Subsequently, in 2018, Shimada et al. (2018) demonstrated a positive correlation between the higher expression of citRKD1 and somatic embryogenesis in nucellus tissue of polyembryonic Satsuma mandarin. The dominant allele CitRKD1-mg2 that bears the miniature inverted-repeat transposable element (MITE)-like insertion in the upstream region is predominantly transcribed in manifesting the upregulation of citRKD1 and is associated with polyembryony in citrus. Similarly, the repression of csSPL transcription factors (CsSPL3 and CsSPL14) for initiating somatic embryogenesis in different citrus species is primarily mediated by the upregulation of miR156a (Long et al., 2018). Very recently, Feng et al. (2022) demonstrated that the binding of Fus3 and AGL15 complexes at the promoter region of miR156a is essential for its activation. Since most of the molecular regulatory pathways are conserved across the higher plants, induction of somatic embryogenesis in Kinnow possibly occurred via similar molecular cascade activation by hormonal stimuli. The enhanced somatic embryogenic response from in ovulo nucellus culture can be considered an improvement over the nucellus culture technique in mandarin, where a low embryogenic response (10%) has been reported by Bitters et al. (1972). Conversely, 22%–84% of embryo initiation has been reported from nucellus culture in sweet oranges (Kochba et al., 1972). This evidence and our experimental results suggest that mandarins have inherited in vitro recalcitrance. Thus, embryogenic response in citrus depends on genotype and not on the presence or absence of integuments in the developing ovules.

The practical utility of any somatic embryogenesis protocol depends on the conversion of induced embryos into healthy and quality germinated seedlings with a balanced shoot:root system (Gmitter and Moore, 1986; Corredoira et al., 2019). In our study, somatic embryos transferred from SE2 combination of ICM medium onto GM3 treatment of GCC medium gave better germination and bipolar conversion. It was possible due to the better starch and protein accumulation and post-maturation regime attained by somatic embryos from the SE2 combination of ICM medium. The physiological role of starch and protein accumulation for the maturation of somatic embryogenesis was demonstrated by Peng et al. (2020) in Korean pine. The molecular evidence of miR156-mediated regulation of starch accumulation during somatic embryogenesis has also been recently reported in citrus by Feng et al. (2022). Furthermore, Joshi et al. (2022) reviewed the involvement of MCM1, AGAMOUS, DEFICINS and SRF, serum response factor (MADS)-domain transcription factor AGAMOUS-Like 15 (AGL15) in somatic embryo development by influencing functions such as transcription factors, hormone signaling, and epigenetic regulation. Our result on better germination of SE2 embryos correlates well with the above findings and confirms the need for the above factors for the somatic embryogenesis pathway in plant species.

Although somatic embryo maturation plays a significant role in germination, without the stimulation of meristematic activity, bipolar conversion into a complete seedling is not possible. In the present investigation, GM3 treatment stimulated germination and bipolar conversion in somatic embryos. A high level of three B vitamins (20.95%), i.e., thiamine, nicotinic acid, and pyridoxine, in the MT medium as compared to the DKW medium is responsible for the higher meristematic stimuli. The reports on the effect of vitamins on somatic embryo germination are scanty. However, the involvement of the same in germination as well as meristem formation has been reported by few researchers (Chen and Xiong, 2005; North et al., 2011; Ashihara et al., 2015). Moreover, the requirement of hormonal combinations for meristematic activity acquisition through enhanced cell division, cell elongation, and meristem formation in somatic embryos cannot be ignored. The positive effect of GA3 on shoot elongation and root initiation in citrus somatic embryos were suggested by earlier researchers (Kochba et al., 1972; Gmitter and Moore, 1986; Grosser and Gmitter, 1990; Germana, 2005). Similarly, adding CW to the germination medium on the shoot apical meristem formation and regulation of endogenous auxin levels due to substitutive cytokinin-like activity in somatic embryos was reviewed by Corredoira et al. (2019). However, the effect of cytokinin needs to be counteracted by a slight increase in auxin for balanced root:shoot growth (Corredoira et al., 2019). Hence, the enhanced bipolar conversion ratio in the present study was possible due to the addition of a lower concentration of NAA. The support of spermidine on somatic embryogenesis and meristem conversion in somatic embryos is well explained by Kaszler et al. (2021) in Arabidopsis. Thus, the precise combinations of the above supplements in GM3 medium are essential for high-frequency germination in Kinnow mandarin. Earlier studies emphasized the high vulnerability of somatic embryos toward poor germination in mandarin cultivars due to abnormal morphological defects (Benelli et al., 2010). However, in the present study, even the abnormal embryos were converted to the bipolar structure, which suggests the positive effect of GM3 treatment of GCC medium in Kinnow mandarin.

Efficient establishment and acclimatization of in vitro-raised emblings enhance survival and induce stress tolerance. In the present investigation, the germinated seedlings of SE2 × GM3 were established well in a PBR-free liquid MT medium. The phenomenal influence of GCC treatment on plantlet establishment is unclear. However, Corredoira et al. (2019), in their review on the establishment of emblings, speculated the involvement of germination medium. Preconditioning of somatic embryo germinated emblings on a hormone-free medium before transferring to a hardening medium has recently been emphasized by Asadi-Aghbolaghi et al. (2021). Our results also revealed a positive effect on growth and development of a liquid culture medium that suggests its superiority for better nutrient utilization, ease of plant removal, lesser damage to the roots, and solubilization of synthesized inhibitors near the root zone, thus resulting in the better establishment of the emblings. Spiegel-Roy and Vardi (1984) have also reported the positive effect of the liquid medium with various growth regulator combinations on the establishment of citrus species. Our protocol is an alternative wherein the hormone-free liquid medium can induce better in vitro establishment particularly in DSE-obtained plantlets. During primary hardening, potting medium containing cocopeat:vermiculite:perlite (2:1:1) exhibited cent percent survival of liquid medium-established plantlets due to the improved water use efficiency.

From the histological studies, it could be inferred that there is a gradual depletion of nucellus tissue during the ascending stages of fruit growth. Hence, the ideal stage of explant collection for efficient in vitro success is crucial (Koltunow et al., 1995; Xu et al., 2021). Our observations while studying histology revealed exciting insights. Although mandarin cultivars are reported to be facultative sporophytic apomixis polyembryony type except a few, the formation of multiple embryos through a non-apomictic pathway via different mechanisms such as a supernumerary bud off from the zygotic embryo, fission of a zygotic embryo, and a single ovule with two or more embryo sacs is a common phenomenon in citrus (Kepiro and Roose, 2007; Aleza et al., 2010). Hence, it is practically challenging to predict the occurrence of polyembryony based on the number of embryos. In the present study, histological observations on the existence of independent embryos other than zygotic embryo at the micropylar end, along with the migration of a few embryos at the micropylar half, clearly suggest the occurrence of sporophytic apomixis with nucellar adventive embryony in Kinnow mandarin. Suppression of zygotic embryo by nucellar embryo is the usual hypothesis in citrus, but in the present study, embryo connected with endosperm (zygotic embryo) was larger than the other embryos. Since the connection between the embryo and the endosperm is the unique distinguishable character for identifying zygotic embryos (Wakana and Uemoto, 1987), it can be concluded that Kinnow mandarin has zygotic dominance capability and hence can be used as a female parent in the breeding program.

Avoidance of nucellar and zygotic embryos is a prerequisite for obtaining solid mutants via single-cell and true-to-the-type regeneration. The histological observation could decipher stage III (>21–25 mm) of fruit growth as the best explant (ovule) collection stage for easy removal of preexisting embryos. The reason is the complete migration of proglobular embryos at the micropylar end. Similar were the observations of Wakana and Uemoto (1987) in a few mandarin cultivars. From the nucellus tissue of inoculated explants (stage III), induced embryogenic cells were witnessed at the micropylar end. The induced embryogenic activity was confirmed by a dense cytoplasm and loose arrangement of cells from surrounding cells with active cell division. The division of cells and formation of embryos further confirmed the single-cell regeneration and fulfilled the requirement for inducing solid mutants through the standardized protocol. In addition to the above, the normal developmental events, such as globular to cotyledonary somatic embryos, showed the efficiency of the induction medium on Kinnow somatic embryogenesis. The results confirm the hypothesis of Kobayashi et al. (1979), who advocated that any nucellus cell of embryogenic capacity can give rise to embryos.

Assessment of genetic stability of in vitro-grown plants is an unavoidable requirement due to the variability enforced on the regenerated plants by culture environments such as epigenetic changes, transposon activation, or chromosomal aberrations. Emphasis on using various molecular markers for genetic fidelity assessment has gained importance during the last few decades due to innumerable advantages of early and nondestructive detection of variation. The ISSR markers did not reveal any variation in the established emblings, thus confirming genetic stability with the current protocol. In citrus, earlier studies also suggest the efficiency of ISSR markers in assessing genetic stability (Siragusa et al., 2007; Meziane et al., 2017; Devi et al., 2021). The current study is the first report on the genetic stability of in ovulo culture-induced plants obtained through DSE in Kinnow mandarin.





Conclusion

The outcome of the detailed investigation suggests that in ovulo nucellus culture can be an alternative to the nucellus culture technique in Kinnow mandarin. The size-specific recommendation, i.e., ovules of Kinnow mandarin obtained from stage III (>21–25 mm in diameter) fruits can induce DSE when inoculated on somatic embryo ICM medium containing DKW supplemented with kinetin 5.0 mg L-1 and ME 1,000 mg L-1. Transfer of cotyledonary embryos from the above medium to GCC medium containing MT basal medium supplemented with GA3 2.0 mg L-1 + NAA 0.5 mg L-1 + spermidine 100 mg L-1 + CW 10% resulted in higher germination. Preconditioning germinated seedlings in the liquid medium revealed maximum plant establishment and cent percent survival on a potting medium containing cocopeat:vermiculite:perlite (2:1:1). The occurrence of embryogenesis from single nucellus cells confirms its practical utility in in vitro mutation studies for induction of solid mutants. Since the ISSR markers reveal the genetic fidelity of regenerated plants, the developed protocol can be effectively utilized not only for mutagenesis study but also for mass multiplication, virus elimination, synthetic seed technology, in vitro conservation, gene editing, and germplasm exchange.
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Primer

Sequence information

No. of
amplified bands

No. of

polymorphic bands

1. UBC-807 AGAGAGAGAGAGAGAGT 12 -
2: UBC-808 AGAGAGAGAGAGAGAGG 10 -
3, UBC-811 GAGAGAGAGAGAGAGAC - -
4. UBC-812 GAGAGAGAGAGAGAGAA 5 -
5. UBC-815 ACACACACACACACACT 10 -
6. UBC-827 ACACACACACACACACG 10 -
7. UBC-841 GAGAGAGAGAGAGAGAYC 11 -
8. UBC-855 TGTGTGTGTGTGTGTGRT 14 -
9. UBC-858 ACACACACACACACACYT - -
10. UBC-864 ATGATGATGATGATGATG 6 -

ISSR, Inter Simple sequence repeats; UBC, the University of British Columbia; bp, base pair.
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Category Initial embryo score

Good quality: 9 = Hypocotyl longer or equal to 6.0 mm
Slim hypocotyl, minimum two cotyledons 8 = Hypocotyl 4.0-5.99 mm

7 = Hypocotyl less than or equal to 3.99 mm
Medium quality: 6 = Hypocotyl longer or equal to 4.0 mm
Slightly swollen hypocotyl, minimum two cotyledons 5 = Hypocotyl 2.0-3.99 mm
4 = Hypocotyl less than or equal to 1.99 mm
Poor quality: 3 = Looks like an embryo, but too many cotyledons, swollen hypocotyl, small and bent
Embryos deformed 2 = Only long hypocotyl, either straight, bent or shrimp-like

1 = Deformed embryos, cotyledons grow from center of hypocotyl, cotyledons deformed
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Trait Temperature Clone

Germination* DF 1

F-value 178.02

temperature

8
27.56

Initial embryo score Week of germination LED light intensity

1
31.1

pled <o o com <o

Week of germination*  F-value 36.35
p-level <001
Results at end step 3 nursery
DF 1
Survival F-value 16.67

4.04
<.001

6
14.09

piet GG

Height 2y F-value 0.80
p-level 0.372

Height 3y F-value 0.15
p-level 0.695

Increment height 2y-3y  F-value 1
p-level 0.320

**Not signifikant- removed from models.
 Based on mean of each petri dish.

X
N
%

14.03

14.52

1.32
0.2533
1 1 1
7.19 5.74 1.98
0.160
097 10.95 5.60
0326 Com e
0.25 19.38 4.59
0.617
127 19.69 2.89

0.261 e 0.091

Effect of clone and the covariates temperature, interaction clone and temperature during germination, initial embryo score prior to germination, week of germination (week 8 to 11 from
start of germination) and LED light intensity during the 8 weeks period of autotrophic growth on sugar free medium. Colors describes probability level (based on significance F-tests) for

each factor or covariate.
Bold values means significant <5% level.
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% Acclimatization Days to new leaves hoot length (cm) Root length (cm)

emergency
Emblings . : . .
. P X Marginal D . Marginal S o Marginal i . Marginal
Pottin Liquid ~ Solid Liquid =~ Solid Liquid ~ Solid Liquid = Solid
ng a Mean** a Mean a Mean 4 Mean**
media
100+ 5666+
3526+ | 37.52+ 753+ | 524% 1608+ | 821+
P, 0.00* 333 78.33 4 36.39 639 b 12,15
.2 X 09 .12¢ 31° .28
@38 | @199) 0.29° 0.07 009 0 03 028
90+ 5000+
4174+ 4533+ 597+ | 4231 861+ | 734%
P, 0.00° 0.00° 70.00 & 43.53 5 M 513 5 7.98
0.25° 063 0.19 007 0.54 027
(48.77)  (68.76)
86.66+ | 4333
» 330 s 500 6383 4046z o sl | 407% 455 5062 | 4d0x -
032 115 0.15' 0.15 053 0.04
(7147) | (41.09)
Marginal
9222 50.00 7111 40.80 44.11 42.45 638 4.51 5.45 9.92 6.65 829
Mean*
LSD(P <
0.05)
Treatment
reatmen 2784 1027 0250 0.665
(T)
Medium
3.410 1.258 0306 0.815
(M)
Interaction 4822 1779 0.483 1152
P ; & . A

Mean data + standard error and means with the same alphabets are not statistically different. Row mean (*) represents the media mean regardless of treatments, and column mean (**) represents
the treatment mean regardless of media. Values in parentheses are arcsine transformed. LSD, least significant difference; Py, cocopeat:vermiculite:perlite (2:1:1); P,, cocopeat:vermiculite (2:1); P,
cocopeat:perlite (2:1).
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Basal media

Margipal DKW B Marginal
(@] Mean** Mean**
treatments
EM, 0.00+0.00"  0.00+000" 0.00 +0.00 ™ 0.00 0.00 +0.00" 0.00 +0.00 " 0.00 +0.00 " 0.00
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EMg 109.66 + 0.33°  107.16 £ 0.44%  112.66 + 0.66* 109.83 36,50+ 0.50" 455 +£2.17° | 27.66 + 0.33¢ 36.55
Marginal Mean* 55.36 54.39 59.09 56.28 30.00 16.93 2027 3239
LSD (P < 0.05)
Treatment (T) 0713 2.164
Medium (M) 0.504 1.530
Interaction (T x M) 1236 3749

Mean data + standard error and means with the same alphabets are not statistically different. Row mean (*) represents the media mean regardless of treatments, and column mean (**) represents
the treatment mean regardless of media. LSD, least significant difference; ICM, induction cum maturation; MT, Murashige and Tucker medium Murashige (1969); DKW, Driver and Kuniyuki
Walnut medium Driver and Kuniyuki (1984); Bs, Gamborg Bs medium Gamborg et al. (1968); EM;, Control; EM, ME 500 mg L™'; EM3, kinetin 5.0 mg L™ + ME 500 mg L"'; EMy, kinetin 5.0 mg
L' + ME 1,000 mg L''; EM5, 24-D 1.0 mg L™ + CW 10% (v/v); EMg, 24-D 2.0 mg L' + CW 10% (v/v); ME, malt extract; CW, coconut water; ICC, induction cum maturation.
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Items Initial dense cell volume/ml

3 4 5 6 7

Dense cell 19.6 £0.17e 27.4 £ 0.39d 34.3 £ 0.31235.0 £ 0.23¢ 36.8 + 0.16b
volume/ml

Proliferation 6.54 + 0.06b 6.85 4 0.10a 6.86 4 0.06a 5.83 + 0.04¢ 5.26 + 0.02d
multiple

The different lowercase letters in the same column indicate a significant difference
(p < 0.01) between treatments based on Duncan’s test.
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Factors Degrees of Sum of squares Mean square F value P

freedom (df) (sS) (MS)

ABA 2 61510.22 30755.111 67.102 0.009**
NH4+ 2 12583.444 6291.722 18.358 0.000*
NO3~ 2 2923.111 1461.556  1436.623 0.056
NH4*+ x NOg~ 4 64445222 16111.306 4.265 0.002**
TeO) 2 39096.243 19548.102 37.787 0.000**
PEG 3 12533.521 4177.833 6.966 0.006**

The mean difference is significant at the 1% level. **Indicates significant level at
P < 0.01.
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log (p/1-p) (95% CI) predicted
correctly
by model
log(p/1-p} =1.319 + 0.593t; + 01450, + 0.843t; - 0.752]; + 0.0.9441, - 1.613]; — 0.3711, 712
Treatment 0.041 Reference Proliferation as clumps,
fresh ET selected
0112 0.853 (0.701-1.038) Proliferation as filters, fresh
ET selected
0272 0.878 (0.697-1.107) Proliferation as clumps, ET
taken randomly
0.006 0.732 (0.585-0.915) Proliferation on filter discs,
ET taken randomly
0.837 0.979 (0.798-1.201) Proliferation as clumps, ET
taken randomly for
proliferation, selected for
‘maturation
Line < 0.001 Reference 250
< 0001 623
< 0.601 655
< 0.001 1130
< 0.001 1375
< 0.001 1548
< 0.001 2816
< 0001 2851
< 0.601 4262
< 0.601 4631
0.187 5111
< 0.001 5129

Treatment, line, and placement in growth containers (row, column) were used as covariates. The location of the individual plant inside the container was not significant and was therefore
omitted from the final model.
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Proliferation  Inoculum  Growth  ET Maturation Embryos/

treatment size (mg) rate  weight  treatment gFW
Trial I (5 lines) Three proliferation plates and nine maturation plates  unselected clumps 690-770 344 & 258 + - 583 +6.74
were done for each line in each treatment. 0.07 (a)" 0.05 (a)?
pre-mat. 77.1 £13.7
(ab)*
selected filters 190-211 7.83 + 1.56 £ - 92.8 £10.0
037 (' 007 (ab)?
pre-mat. 99.0 £ 13.2
(b
Trial IT (12 lines) Three proliferation plates and nine maturation selected clumps 301-348 435 + 137 £ selected ET 65.5 +7.32
plates were done for each line in each treatment. 0.10 (ab)® 0.04 (a)*
unselected clumps 303-353 428 + 137 % unselected ET 55.2 + 6.83
0.12 (2)° 0.04 (@)*
selected ET 789 +9.94
(ab)*
selected filters 299-347 477 £ 151 + selected ET 98.9 +8.98
014 (b)° 005 b
unselected filters 301-358 397 + 129 + unselected ET 60.2 +7.52
016 (@' 005 @'

'Mann-Whitney U-test, normal distribution not assumed.

Welch ANOVA with Games-Howell as post hoc, data transformation to square root for normal distribution.

*Welch ANOVA with Games-Howell as post hoc (data normally distributed, equal variances not assumed).

*One-Way ANOVA with Bonferroni as post hoc.

The growth rate was calculated as fresh weight (FW) at 14 days/FW of inoculum. Embryogenic tissue (ET) weight stands for the FW of all ET on the plate after 14 days of culture. Embryos/
gFW stands for counted cotyledonary somatic embryos adjusted for 1 g (FW) of ET placed for maturation. The mean values are presented with + standard error of the mean. Different letters
(a, b) indicate significant differences between the treatments. The results for each line in each treatment are presented in Supplementary Tables 1-4.
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78.6

Proliferation method (selected clumps or filters), pre-maturation status (yes or no), line, and placement in growth containers (row, column) were used as covariates. The proliferation
method and the location of the individual plant inside the container were not significant and were omitted from the final model.
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No. Basal Time of shoot Shoot induction Shoot length Growth state of shoots

medium initiation rate (%) (cm)
(d) (Mean &+ SE; n = 3) (Mean % SE; n = 3)
1 MS 21-24 8.89 +1.11d 0.21 £ 0.03cd Hyperhydricity, thin shoots
2 1/2MS 18-21 11.11 £1.11d 0.17 £ 0.01d Small and short shoots
3 1/4MS 14-16 4222 +1.11b 0.74 £0.01b Yellow-green and thin
4 HZ 12-14 71.11 £2.94a 0.95 £ 0.01a Robust shoots, fast growth
5 B5 14-16 25.56 & 2.94¢ 0.23 £0.01c Hyperhydricity

The macronutrient component of the HZ medium was composed of NH;NO3, 520 mg-1~ 1, KNO3, 950 mg-1~ 1, KH, POy, 495 mg-1~ 1 MgS0O4-7H; 0, 370 mg-1~ 1 and CaCl,-2H, 0, 440 mg-1~ T
with other mineral nutrients having the same composition as in MS. Different lowercase letters in the same column indicate a significant difference, as per Duncan’s multiple range test (p < 0.05,
n = 3 indicates three replicates).
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No. PGRs (i M) Shoot induction rate (%) Shoot length (cm) Growth state of shoots

(Mean =% SE; n = 3) (Mean % SE; n = 3)

BA NAA IBA
1 22 0 0 36.67 = 1.93e 0.35+ 0.01f Thin shoots, short internode
2 22 0.5 0.5 43.33 +1.93d 0.28 £0.01g Short shoots, large leaves
3 22 2.7 2.5 36.67 + 1.93e 0.13 £ 0.00i Small and short shoots
4 44 0 0.5 82224+ 1.11a 0.78 &+ 0.00c Robust shoots, fast growth
5 44 0.5 2.5 66.67 £ 1.93b 1.04 £ 0.02b Robust shoots, small leaves
6 44 2.7 0 4556+ 1.11d 0.62 + 0d Thin shoots, callus
7 8.8 0 2.5 65.56 = 1.11b 0.65 + 0d Robust shoots, small leaves, callus
8 8.8 0.5 0 57.78 £ 1.11¢c 1.12 £0.01a Hyperhydricity
9 8.8 27 0.5 55.56 £ 1.11c 0.53£0.01e Hyperhydricity, plenty of callus
Range analysis of induction rate
Kpa0.9 38.89 Knaa0 61.48 Kipa0 46.67
Kpa4d.4 64.82 Knaa0.5 55,93 Kipa0.5 60.37
Kpa8.8 59.63 Knaa27 45.93 Kipa2.5 56.30
Rpa 20.74 Rnaa 15.55 Ripa 13.70

Different lowercase letters in the same column indicate significant differences, as per Duncan’s multiple range test (p < 0.05, n = 3 indicates three replicates).





OPS/images/fpls-13-914652/fpls-13-914652-t004.jpg
No.

PGRs (L M)
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—

0.9
0.9
0.9
2.6
2.6
2.6
4.4
4.4

O e NN N U e W

4.4

IBA

0
0.5
1.0
0
0.5
1.0
0
0.5
1.0

Range analysis of proliferation coefficient

Kga 0.9 2.28
Kpa 2.6 2.82
Kpa 4.4 2.95
Rpa 0.67

Different lowercase letters in the same column indicate significant differences, as per Duncan’s multiple range test (p < 0.05, n = 3 indicates three replicates).

Kiga 0
Kipa 0.5
Kipa 1.0

Riga

NAA

0.5
1.1
0.5
1.1

1.1

0.5

2.66

2.77

2.62
0.15

Proliferation
coefficient
(Mean % SE; n = 3)

2.28 +£0.01e
2.2540.01e
2.29 £ 0.04e
2.75 +0.01c
2.71 £0.03c
3.00 £ 0.04b
295+ 0.01b
3.34 4+ 0.02a
2.56 £ 0.04d

Knua 0
Knaa 0.5
Knaa 1.1

Ryaa

Number of effective
shoots per explants
(= 0.5cm)
(Mean =% SE; n=3)

4.48 £0.09d
443 +0.22d
459 +0.14d
5.32 £ 0.09bc
5.21 & 0.04c
5.63 £ 0.02b
5.60 £ 0.08b
6.19+0.18a
4.87 £0.08d

2.87
2.52
2.65
0.35

Growth state of plantlets

Little shoots, Unfolding leaves
Little shoots, Unfolding leaves
Folding Leaves, short shoots
Unfolding leaves

Folding Leaves

Robust shoots, Unfolding leaves
Folding leaves

Short and small shoots

Folding leaves
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No. Auxins Concentration
(n M)

—

NAA 0.0
1.1
2.2
3.2
43
5.4
8.1
IBA 1.0
2.0

O e NN N Ul s W N

—
(=]

2.9
11 39
12 49
13 7.4

Rooting rate (%)
(Mean =% SE; n=3)

20.00 + 0.02f
50.00 + 0.02cd
52.22 4 0.01c
83.33 4+ 0.02a
78.89 % 0.02a
70.00 % 0.02b
73.33 4 0.02b
54.44 4 0.01c
36.67 % 0.02e
24.44 +0.01g
45.56 +0.01d
36.67 % 0.02¢
34.44 4 00le

Average number of roots
(Mean =% SE; n = 3)

1.43 £0.07e
1.85 4 0.04b
1.83 £ 0.04bc
2.19 £0.04a
2.09 £ 0.00a
1.90 £ 0.00b
1.94 +£0.01b
1.73 £0.02cd
1.88 & 0.06b
1.73 £0.01cd
1.66 £ 0.02d
1.66 £ 0.04d
1.68 £ 0.04d

Growth state of plantlets

Thin roots, callus less

Stubby roots, callus less

Stubby roots, callus less

Strong and long roots, callus less
Strong and long roots, callus more
Thin and short roots, callus more
Strong and long roots, callus more
Thin and short roots, callus less
Thin and long roots, callus less
Thin and long roots, callus less
Thin and long roots, callus less
Thin and short roots, callus more

Stubby roots, callus more

Different lowercase letters in the same column indicate significant differences, as per Duncan’s multiple range test (p < 0.05, n = 3 indicates three replicates).
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No. Disinfection treatments Contamination
rate (%)
(Mean = SE;
n=23)
NaOCl Ethanol Benzalkonium  Mercuric Tween 80
(2%, min) (75%, s) Bromide chloride (drop)
(1%, min) (0.1%, min)
1 5-7 - - - - 40.00 = 1.92a
2 = = - 1-4 —~ 31.11 = 2.22b
3 - 30 - 1-4 - 28.89 + 1.11b
4 = = 2-4 1-4 = 21.11 = 2.94cd
5 - - 2-4 1-4 2-3 17.78 +2.94d
6 = 30 2-4 1-4 = 25.56 = 2.22bc

Browning rate

(%)

(Mean =+ SE;

n=3)

12.22+ 1.11b
13.33 £ 1.92b
25.56 + 2.22a
14.44 £2.22b
11.11 £+ 1.11b
27.78 £ 2.22a

Survival rate
(%)
(Mean =+ SE;
n=3)

35.56 & 4.00c
42.22 +2.22¢
5222 +4.00b
6222 +2.94b
74.44 £+ 2.94a
55.56 & 2.94b

The disinfection time of benzalkonium bromide and mercuric chloride depended on the degree of lignification of the explants. After disinfection with disinfectant agent, all explants were rinsed

four times with sterile distilled water. Different lowercase letters in the same column indicate significant differences, as per Duncan’s multiple range test (p < 0.05, n = 3 indicates three replicates).
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Gene name

ABCB7
CCCH
PKL1
GRF7
GDSL
PRE4
FSP
CER1
SAUR20
ARG7
AAE2
SPL10
nsLTPs
TCP1
WOX7
MIF1
ACP
OCTN2
OCTN4
1AA17
DPA
Nramp5
‘WRKY28
KT10
SWEET14
TSJT1

kWithin

75.44
72.44
72.07
70.56
69.34
68.68
67.19
65.68
54.63
32,99
37.99
34.24
33.65
32,55
31.81
31.058
30.42
78.03
75.79
74.33
72.67
72.15
71.63
68.38
67.62
65.39

Description

ABC transporter B family member 7

Zinc finger CCCH domain-containing protein 49
Leucine-rich repeat receptor-like protein kinase PXL1
Growth-regulating factor 7

GDSL esterase/lipase

Transcription factor PRE4

Fruit-specific protein

Protein CERI-like 1

Auxin-responsive protein 20
Indole-3-acetic acid-induced protein 7
putative acyl-activating enzyme 2

Squamosa promoter-binding-like protein 10
Non-specific lipid-transfer protein
Transcription factor TCP1
‘WUSCHEL-related homeobox 7

Mini zinc finger protein 1
Acyl-[acyl-carrier-protein] desaturase
Organic cation/carnitine transporter 2
Organic cation/carnitine transporter 4
Auxin-responsive protein 17

Transcription factor-like protein DPA
Metal transporter Nramp5

putative WRKY transcription factor 28
Potassium transporter 10

Bidirectional sugar transporter SWEET14
Stem-specific protein TSJT1
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